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The Middle Ordovician St. Peter Sandstone in the Michigan Basin is a
target for hydrocarbon exploration/production, and carbon sequestration and
geologic storage. The St. Peter is predominantly a marine sandstone with four
dominant lithofacies. The uppermost facies contains zones of porosity and
good reservoir quality. Because of the mostly uniform detrital composition,
diagenesis must play a leading role in reservoir quality development. This
study tests stratigraphic controls on diagenesis and reservoir quality
development. The distribution of diagenetic regimes is believed to result from
depositional setting and related geologic processes, including variations in
sediment accumulation rate. Early carbonate cements preserve precompaction intergranular pore space available for late diagenetic processes
including

de-cementation

and

the

inhibition of quartz

overgrowth

development. This stratigraphic/diagenetic model is evaluated using
conventional core, wire-line logs, and petrographic/petrologic techniques to
assess stratigraphic and sedimentologic controls on regionally variable
reservoir quality. Evidence for early marine cements and associated reservoir
quality is demonstrated at and subjacent to flooding surfaces, of which
correlations

are

made

regionally

across

the

basin.
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CHAPTER I
INTRODUCTION

The Middle Ordovician St. Peter Sandstone in the Michigan Basin is a
target for hydrocarbon exploration, and carbon sequestration and geologic
storage. The objective of this study is to compile and analyze subsurface
geological data and develop a stratigraphic-depositional model for controls
on the distribution of reservoir quality as a result of sedimentologic,
stratigraphic, and diagenetic processes. In many parts of the Michigan Basin,
the Upper St. Peter represents a transgressive, fining upward grain-size trend
interpreted as the transition from shoreface to offshore depositional
environments (Barnes et al., 1992, 1996). This transitional zone contains
heterogeneous reservoir quality, and is punctuated by a series of thin shale
beds. It has been proposed (Barnes et al., 1992; Barnes, 2010) that reservoir
distribution and quality in the Upper St. Peter is substantially controlled by
diagenesis, especially the deep burial dissolution of intergranular carbonate
cements that originated as early sea floor cements or hardgrounds, formed at
or just below the sea floor during times of rapid rises in relative sea level and
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consequent cessation of sand deposition. This research attempts to more
rigorously test: 1) the correlation amongst cyclic (?), thin shale beds, periodic
regional flooding events resulting in drowning surfaces, and the eventual
formation of intergranular secondary porosity in subjacent sand beds due to
distinct stratigraphic and diagenetic processes, and 2) the regional correlation
of thin shale beds, in a sequence stratigraphic (chronostratigraphic) context,
to demonstrate the allogenic control on these features. Validation of this
hypothesis would support the stratigraphic controls on diagenesis and
reservoir quality and support the lateral continuity of prospective reservoir
petrofacies immediately subjacent to these surfaces.

Hypothesis

Previous work documented the important controls on reservoir quality
as a result of diagenesis in the upper St. Peter Sandstone (Lundgren, 1991;
Barnes et al., 1992; Stonecipher, 2000). The mostly uniform, quartzose detrital
composition of sandstone petrofacies and profound reservoir quality
heterogeneity is consistent with this model (Barnes et al., 1992). The
distribution of diagenetic regimes is believed to result from depositional
setting and related geologic processes, including variations in sediment
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accumulation rate and early sea floor cementation. This study focuses upon
lithologies associated with and adjacent to purported flooding surfaces in the
upper St. Peter Sandstone. These purported flooding surfaces may represent
periods of slow sediment accumulation rates. It was proposed (Barnes, 2010)
that during rapid relative sea level rise, prolonged exposure of clastic
sediment at the sediment/marine water interface allows for the precipitation
of early intergranular marine carbonate and phosphatic cements. Early
marine cementation of these sand beds may have resulted in marine hardground surfaces and the preservation, through early cementation, of open
framework grain packing and high intergranular volume (minus cement
porosity). Such surfaces are interpreted in the St. Peter based on the presence
of mud-rich beds, distinct ichnofacies, and early cemented litho- or rip-up
clasts observed in core. Early cements may have preserved intergranular
volume (minus cement porosity) available for later diagenetic processes
including the inhibition of quartz overgrowth cementation and subsequent
carbonate cement dissolution. Quartz overgrowths on detrital quartz grains
and chemical grain compaction/pressure solution are the dominant porosity
occluding mechanisms throughout most of the St. Peter. Stratigraphic
controls on the distribution of early marine cements and their relationship to
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marine flooding surfaces may provide a valuable methodology for prediction
of reservoir quality and lateral continuity of reservoir quality.

Previous Research

History and Classification

The St. Peter Sandstone has been identified across much of the
American upper Midwest, from South Dakota in the northwest to Michigan
in the northeast, and to Missouri in the south (Figure 1) (Dake, 1921; Dapples,
1955). The unit was first identified and named (Owen, 1852) for its outcrop
type section near the confluence of the Mississippi River and Minnesota River
(formerly St. Peter River) in southeast Minnesota (Stauffer, 1934). Early
workers (Dake, 1921; Dapples, 1955) described the unit as a regionally
significant, intracratonic, transgressive sheet sand deposited in a northward
fashion on top of the Sauk-Tippecanoe sequence bounding unconformity.
These early workers recognized the unusually pure, quartz-arenite
composition and supermature textural properties of the St. Peter in outcrop
that generally characterize the St. Peter throughout the Midwest Basins and
Arches province.
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Figure 1: St. Peter Sandstone distribution. Isopach thickness is shown for the
eastern basins of the Midwest (after Barnes et al., 1992).

The earliest subsurface studies of the St. Peter Sandstone in the
Michigan Basin came with the drilling of the Charles E. Moe No. 1 well in
Ottawa County in 1930. In 1941 a Bay County well drilled to 10,445’ had
reportedly penetrated the “St. Peter (Ordovician) Sandstone” (Grant, 1942). In
the years that followed, Dapples (1955) inferred an absence of the St. Peter in
the Michigan Basin eastward of Ottawa County, postulating this as a result of
either non-deposition or erosion.
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Penetration of the St. Peter Sandstone in the central basin first occurred
in 1964 during drilling of the Brazos State Foster well (Ogemaw County).
Following earlier inferences (Dapples, 1955) the unit was classified as Upper
Cambrian by the Michigan Geological Survey (Ives and Ells, 1965; Fisher and
Barratt, 1985).
A major step forward resulted from conodont studies of Repetski and
Harris (1981) who established an early Middle Ordovician or early
Whiterockian age for the basal section of the unit in the central basin. In the
same year, a natural gas discovery was made in the “massive sandstone”
directly below the Glenwood Formation in the JEM-Edward 7-36 wildcat well
in Missaukee County. This discovery ushered in a period of intense
Ordovician hydrocarbon exploration and successful field development in the
Michigan Basin. This resulted in over 40 commercially productive gas fields
by decade’s end, and yielded the majority of data currently available on the
St. Peter in the Michigan Basin. During this time however, general
misunderstanding and disagreement over the regional stratigraphic context
of the unit led to stratigraphic definition of the “massive sandstone” unit in
the Michigan subsurface in industry as the Prairie Du Chien Formation. Other
terminology, since discarded, for the St. Peter Sandstone in the Michigan
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Basin has included the Brazos, Dresbach, Hermansville, Knox, Massive Sand,
and Trepealeau (Fisher and Barratt, 1985; Catacosinos and Daniels, 1991).
Following the wealth of geologic data produced during deep-play
drilling in the 1980’s, Harrison (1987) and later Barnes and others (1988)
proposed stratigraphic correlation between the sub-Glenwood massive sand
in the Michigan Basin and the Middle Ordovician St. Peter Sandstone of the
Upper Midwest. These workers cited similarities in sedimentologic character,
sedimentary structures, stratigraphic relationships, and biostratigraphically
constrained age determinations as a basis for correlation. Proposed beach and
bar shoreface, with tidal-flat environments, inferred from the mostly quartzarenite lithology and occasional interbedded, highly-burrowed dolomicrite,
accords with the previously proposed model (Dapple, 1955; Sloss, 1963) of
craton-wide, northward transgression of the St. Peter Sandstone as observed
across the Upper Midwest. Later biostratigraphic correlation by Barnes and
others (1996) further supported the St. Peter in the Michigan Basin as late
Whiterockian in age. Subsequent workers (Catacosinos and Daniels, 1991;
Nadon et al., 2000) have since adapted and employed this revised
stratigraphic correlation.
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Stratigraphy

The St. Peter Sandstone in the Michigan Basin has been interpreted as a
mostly marine sandstone formation ranging in thickness from a regional
pinch-out in southern Lower Michigan to greater than 1200’ in the central
Michigan Basin (Barnes et al., 1992). Structure mapping of the St. Peter top
(Catacosinos et al, 1991; Barnes et al, 1992; this author) and isopach thickness
demonstrates variable accumulation and burial rates commensurate with
Michigan basin subsidence history (Howell & van der Pluijm, 1990, 1999). The
St. Peter Sandstone and overlying Glenwood Formation reflect a generally
marine transgressive systems tract and condensed section respectively
(Figure 2) (Barnes et al, 1992; Shutter, 1996). The basal St. Peter rests
disconformably on the eroded surface of the Early Ordovician mixed
carbonate-siliciclastic

Prairie

Du

Chien

Group.

This

craton-wide

unconformity marks the boundary between the Sauk and Tippecanoe MegaSequences of Sloss (1963). Basal St. Peter sedimentology in the Michigan basin
accords with Sloss’s (1963) observations on the majority of basal Tippecanoe
units across the North American craton, such as the Simpson Group,
Winnipeg Formation, and Eureka Quartzite. These units are all similar, pure
quartz-arenite, transgressive sandstones. Sloss (1963) even refers to the basal
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Tippeecanoe strata of the Mid-Continent and Cordilleran as “sandstones of
the St. Peter type.” Localized karsting of the pre-Tippecanoe paleo-surface in
portions of the Michigan Basin has also been suggested (Catacosinos et al.,
1991; Barnes et al., 1992) and is consistent with outcrop relationships in
Wisconsin (Mai & Dott, 1985). Catacosinos and others (1991) note this contact
in core as locally conformable in the central-most Michigan Basin.
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Figure 2: Cambro-Ordovician stratigraphy of the Michigan Basin. Note the
relative positions of the Knox Unconformity, St. Peter Sandstone,
and Glenwood Formation (modified after Catacosinos et al.,
2000).

Wireline log analysis of the St. Peter Sandstone regional pinch-out
demonstrates a complex and patchy depositional boundary in the Southern
Michigan Basin. Core and log observations suggest a south-eastwardly lateral
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gradation to more distal, carbonate prone depositional facies in the southeast
quadrant of the basin (Barnes et al., 1992).
The Glenwood Formation directly overlies the St. Peter Sandstone. The
lithologic and log character of this contact has been suggested (Catacosinos
and Daniels, 1991; Schutter, 1996; Nadon et al, 2000) to represent an
unconformity along the basin margins, while being conformable in the basin
center.
Nadon and others (2000) conducted an intra-formational sequence
stratigraphic study of the entire St. Peter-Glenwood section in the Michigan
Basin, using core and log to identify and correlate relatively thin (<1 m) yet
common interbedded carbonate units. These carbonate units were suggested
to be chronostratigraphically significant surfaces, and basin-wide correlations
resulted in as many as 20 high frequency sequences. Barnes and others (1992)
and Stonecipher (2000) noted thin shale beds interbedded in the uppermost
facies of the St. Peter. These shales have been interpreted as parasequence
bounding flooding surfaces (Barnes, 2010) and their lateral continuity has
been noted across the West Brand Field in Ogemaw County (Stonecipher,
2000). The application of core-controlled, and log-assisted sequence
stratigraphic correlations by Nadon and others (2000) greatly encourages the
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use, in this study, of flooding surfaces in the upper St. Peter in order to trace
laterally depositional facies and resulting petrofacies basin-wide by means of
core and wireline log.
Numerous other studies have considered sequence stratigraphic
applications of flooding surfaces as controlling factors on diagenesis in
sandstones. Molenaar (1990) examined the influences of early calcite
cementation and marine hardground development on diagenesis in the
shallow marine Eocene Roda Sandstone of the Spanish Pyrenees. Ketzer and
others (2002) characterized the distribution of diagenesis within a sequence
stratigraphic framework in the Mullaghmore Formation of Ireland, finding
the distribution of eogenetic carbonate cement to be focused at transgressive
surfaces and parasequence boundaries.

Lithofacies and Depositional Environment

Lithologic work by Harrison (1987) suggested the two dominant
environments represented in the St. Peter are high-energy coastal-marine and
tidal-flat environments. This interpretation was further enhanced with
additional recognition (Barnes et al., 1988) of distal storm-dominant, shelf
environments, inferred from K-feldspar silt rich, burrowed and bioturbated
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facies. On further investigation Barnes and others (1992) recognized a total of
four distinct lithofacies from core and log. These lithofacies are 1) cross-bedded
quartz sandstone, 2) laminated, argillaceous dolomicrite, 3) stratified and burrowed
quartz sandstone, and 4) burrowed, quartzo-feldspathic sandstone. These four
lithofacies generally succeed each other vertically (Figure 3).
In facies 1 the medium-grained, well sorted and cross-bedded
character with sharp tops and bases, and lack of bioturbation led these
previous workers (Harrison, 1987; Lundgren, 1991; Barnes et al., 1992) to
propose tidally influenced coastal to intertidal and subtidal marine
depositional environments, supratidal sand flats and possible non-marine
dune deposits associated with dolomicrite-prone, tidal lagoons. Facies 1 is
dominant in the lower and middle St. Peter and has been noted in logs
(Barnes et al., 1992) as distinct from adjacent facies due to its low gamma ray
log response.
Facies 2 laminated, argillaceous dolomicrite occurs mainly in the middle
and lower portions of the St. Peter and has been noted (Lundgren, 1991;
Barnes et al., 1992) for its horizontal and wavy bedding, thin algal
laminations, dolomicrite rip-up clasts, and rare bioturbation.

A high K-

feldspar silt content within the dolomitic beds produces a relatively higher
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gamma ray signature making facies 2 distinct from facies 1 in wireline logs. A
low energy, peritidal depositional environment was proposed for facies 2.

Figure 3: Wireline log type
section. Lundgren (1991) and
Barnes et al. (1992) described the
St. Peter Sandstone in the central
Michigan Basin using core and
log from the Hunt Martin 1-15
well (Gladwin County). This
section shows distribution of
facies 1-4, as well as subjacent
Prairie Du Chien Formation and
superjacent
Glenwood
Formation and Black River
Formation. St. Peter Facies 1 has
low gamma-ray (GR) log
response and is commonly
interbedded with facies 2 that
has
slightly
elevated
GR
response. Facies 1 and 2
dominate the lower and middle
sections of the St. Peter. Facies 3
is represented by slight increase
in GR and photoelectric (PE) log
responses, while facies 4 is
represented by accelerated rate
of increase in GR and PE upsection with periodic spikes in
GR.
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Facies 3 stratified and burrowed quartz sandstone occurs mainly in the
middle to upper St. Peter. It is described (Barnes et al., 1992) as bimodally
sorted, coarse- to fine-grained, dolomitic quartz sandstone. Common
horizontal planar stratification, with low-angle planar tabular to hummocky
or swaley cross-stratification, is disrupted by moderate to intense
bioturbation consisting of vertical Skolithos burrows, and less common
Cruziana ichnofacies. These burrows typically contain better sorted and
quartz overgrowth cemented sandstone. Facies 3 has also been noted to
contain slightly higher proportions of authigenic clay and detrital K-feldspar
relative to facies 1.
The grain textures and sedimentary structures observed in facies 3 led
Barnes and others (1992) to infer a shoreface to upper offshore environment at
or above normal wave base, while the abundance of bioturbation observed in
facies 3 suggests normal marine conditions. This facies was considered
transitional from facies 1 to 4
Facies 4 burrowed quartzo-feldspathic sandstone is described (Barnes et al.,
1992) as coarse- to fine-grained, dolomitic and argillaceous quartzofeldspathic sandstone and is transitional upwards from facies 3. This facies,
where present, always represents the uppermost section of the St. Peter
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Sandstone. Bioturbation is abundant, resulting in rare preservation of current
induced sedimentary structures. Suspension settling and deposition of Kfeldspar silt (as much as 40%) and mica contribute to the finer-grained
portions of facies 4.
Tempestite hemicycles commonly occur in the upper St. Peter
lithofacies 4 (Lundgren, 1991; Barnes et al., 1992; Stonecipher, 2000).
Mudstone rip-up clasts are also observed in association with tempestite
hemicycles. These features indicate not only high-energy remobilization of
intrabasinal material, but also serve as evidence for early sea-floor
lithification. High K-feldspar silt content are noted to occur in direct relation
to grain size similar to the relationship established by Odom et al. (1976) for
other lower Paleozoic sandstone formations in the upper Midwest.
Barnes and others (1992) also note multiple thin shale beds (<10cm) in
facies 4. The sedimentologic interpretation of these shale beds combined with
wireline log analysis suggests that the shale beds are flooding surfaces within
the uppermost section of the St. Peter. Conventional core studies (Barnes,
2010) also suggest that in the northern basin the top St. Peter Sandstone/base
Glenwood Formation is a major flooding surface. The flooding surfaces are
reported (Barnes et al., 1992; Barnes, 2010) to have different compositions and
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textures, including distinct trace fossils compared to ichnofacies and primary
sediment of adjacent strata. Little other detailed work has been done on these
thin shale beds and their stratigraphic significance. Questions remain as to
whether these stratigraphic/sedimentologic features result from autocyclic
sedimentary processes, or rather from allocyclic processes, inherently external
to the sedimentary system, such as tectonics, changes in global eustacy,
and/or sediment input.
Barnes and others (1992) suggest facies 4 features such as abundant
burrowing, tempestite hemicycles containing scour surfaces, mudstone rip-up
clasts, and interbeds of mica and K-feldspar silt resulted from deposition in
normal marine conditions, on an increasingly distal, storm-dominated, epeiric
sea shelf. This facies classification of Barnes and others (1992) for the St. Peter
Sandstone in the Michigan Basin remains the most robust to date and is the
classification adopted for this present work.
This study focuses on the uppermost section of the St. Peter, including
facies 3 and 4, where zones of porosity and good reservoir quality are
common but irregularly distributed. Here, it is proposed that porosity zones
may be the result of diagenetic processes predominantly controlled by
depositional processes and primary/early diagenetic mineralogy and textures.
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Sedimentary Petrography and Diagenesis

Sedimentologic observations in the outcrop area by Odom et al. (1976)
were the first detailed characterizations of the St. Peter Sandstone petrology.
These workers highlight locally high K-feldspar detrital framework grain
composition near the top of the formation. Correlation was also inferred
between detrital K-feldspar content, abrasion history, and depositional
environment. Odom et al. (1979) describe the diagenetic character of the St.
Peter in the upper Midwest to include eogenetic growth of quartz and Kfeldspar overgrowths, precipitation and chemical evolution of illite and
smectite to chlorite, precipitation of carbonate, precipitation of mesogenetic
quartz overgrowths, precipitation of pyrite, and formation of kaolinite.
Modes of sediment transport were explored by Mazzullo and Ehrlich
(1980) who examined St. Peter grain surface textures from the Upper
Mississippi Valley. Their findings suggest the presence of both eolian and
fluvial transport modes in the Upper Mississippi Valley region. Amaral and
Pryor (1977) investigated sedimentologic texture from the St. Peter in
southwest Wisconsin. Grain size distribution was used to support
interpretations of lower foreshore to shallow marine sand bank depositional
environments.
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Hoholick and others (1984) investigated diagenetic modifications in
the St. Peter and Mount Simon Sandstones of the Illinois Basin and reported
diagenetic cements to be strongly depth-dependent citing secondary
dissolution porosity percentages as surpassing primary porosity percentages
at depths exceeding 4000’. In the Michigan Basin Fisher and Barratt (1985)
characterize the St. Peter Sandstone (their Bruggers Formation) as a quartz
cemented, clean quartz sandstone, with K-feldspar content as high as 5% in
the eastern basin, and noting trace- to occasional pyrite, illite, and chlorite
without further postulation of origin. Fisher and Barratt (1985) suggest the
presence of grain-coating clays may inhibit quartz overgrowth cementation,
thus influencing porosity preservation and reservoir quality.
Barnes and others (1988) first proposed depositional facies control on
diagenesis and consequent reservoir quality in the St. Peter in the Michigan
Basin. With the evolution of this concept (Lundgren and Barnes, 1989)
depositional sand-carbonate mud beds were considered the most likely
constituents to undergo late dissolution contributing to the formation of
secondary porosity. Significant work on the diagenetic characterization and
history of the St. Peter Sandstone in the Michigan Basin was undertaken by
Lundgren (1991) and Barnes and others (1992). Lundgren’s (1991) thorough

20
investigation on diagenetic controls in the St. Peter focused on the
paragenesis of authigenic mineral formation as a function of burial
temperature and fluid composition. Primary mineralogy as influenced by
depositional facies was found to template the ensuing paragenetic sequence,
resulting in variations on diagenetic pathways and degrees through which
paragenetic sequences progress.
Lundgren (1991) describes these variations in 3 sandstone-dominated
petrofacies. In petrofacies 1, well-sorted, quartz-rich, high-energy, upper
shoreface sandstone, did not experience early carbonate cementation possibly
due to relatively rapid sediment accumulation rates and burial. These facies
also tend not to contain authigenic clay due to the absence of locally derived
chemical constituents (primarily potassium, K+ due to the absence of detrital
feldspar) in this facies. Unimpeded quartz overgrowth cementation then
occurred in the absence of intergranular carbonate or primary, detrital, clay
grain-coating cements.
Lower shoreface sandstone of petrofacies 2 was deposited at lower
sedimentation rates and contains generally low feldspar content, apparently
due to the relatively high energy depositional environment for this
petrofacies (depositional Facies 3). This facies developed early carbonate
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cement, in places, at or near the sea floor during periodic rapid rises in
relative sea level and decrease in clastic sediment accumulation rates. These
early cements prevent later development of burial quartz overgrowths. Late
dissolution of (minor) feldspar grains and carbonate cement matrix resulted
in common development of deep burial, secondary porosity.
More distal, lower shoreface to upper offshore sand-mud deposits
(depositional Facies 4) containing petrofacies 3 sandstone (typically rich in
feldspar) generally follow a diagenetic pathway similar to petrofacies 2.
However, increased detrital K-feldspar content in petrofacies 3 and the partial
or complete dissolution of this abundant detrital component contributed to
increased development of illlitic authigenic clay with significant negative
impact on reservoir quality. The dominantly authigenic origin of mixed illitechlorite, intergranular clay cements in sandstone was documented by
geochronologic and geochemical studies of the St. Peter by Barnes et al. (1992)
and Girard and Barnes (1995). Stonecipher (2000) investigated petrologic
characteristics of the upper St. Peter as a function of depositional process and
diagenesis. A similar diagenetic model was used to explain reservoir quality.
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Geologic Setting and Depositional Environment

During the Middle Ordovician (470 to 460 ma) the Michigan Basin was
located on the Laurentian Craton and positioned approximately 15-30° south
of the equator (Figure 4) (Ziegler, 1988; Mac Niocaill et al., 1997).
Paleoclimatic greenhouse conditions prevailed globally with high levels of
both atmospheric CO2 and temperature relative to today (Webby, 2004). The
Michigan Basin was a carbonate prone, open marine, storm dominated,
epeiric sea shelf during upper St. Peter Sandstone deposition (Barnes et al.,
1988, 1992). The basin was bounded by uplifted Cambrian sandstone
highlands to the modern northwest, Precambrian granitic-gneissic terrains to
the modern north and northeast, and connected to further distal open marine
environments of the greater Laurentian epeiric seaway to the modern south
(Mai and Dott, 1985, Barnes et al., 1992). Structure mapping (Figure 5) and
isopach thickness mapping (Figure 6) demonstrates the area of greatest
thickening of the St. Peter exists to the northwest of the central basin (with
respect to maximum total basin-subsidence). This suggests a primary
depositional fairway with coarse-grained clastics derived mainly from the
(modern) northwest and supports a primary source terrain in this direction
(Mai and Dott, 1985; Barnes et al., 1992).
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Figure 4: Paleogeography of the Laurentian Craton during the Middle
Ordovician. Note the Michigan Basin and surrounding sourceterrains (boxed) and sediment supply erosion paths (arrows)
(modified after Blakey, 2009).
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Figure 5: Structure contour map of the St. Peter Sandstone in the Michigan
Basin. Control wells are shown, and zero isopach area is shaded
grey (CI = 1,000’).
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Figure 6: Isopach thickness contour map of the St. Peter Sandstone in the
Michigan basin. Control wells are shown, and zero isopach area is
shaded grey (CI = 100’).
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Interpretations of a carbonate prone, storm dominant, open marine,
epeiric sea for the upper St. Peter Sandstone are supported by core studies
(Harrison, 1987; Barnes et al., 1988; Lundgren, 1991; Barnes et al., 1992; Nadon
et al., 2000; Stonecipher, 2000; Barnes 2010). Results from these studies help
construct a depositional systems tract in the upper St. Peter that includes 1)
proximal high-energy shoreface sandstone facies in the northern and western
portions of the basin, with well sorted sedimentologic textures, planar beds,
cross beds, and occasional Skolithos burrows, 2) lower shoreface to upper
offshore (offshore transitional zone) sandstone facies in the central basin, rich
in K-feldspar, silt and clay, abundant bioturbation (Skolithos and Cruziana),
common tempestite storm structures, and common evidence for early marine
cementation, and 3) carbonate rich, feldspathic sandstone facies with
increasing carbonate content (both primary sediment and early marine
cement) to the southeast.
Changes in relative sea level, resulting from the rate of sediment
supply and the creation of accommodation space, influenced the lateral
migration of the depositional systems tract, determine facies stacking
patterns, and controlled the distribution of sequence stratigraphic surfaces
such as flooding surfaces (Cataneanu, 2006). Assumptions must be made
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here, in the absence of absolute age dates, regarding a constant rate of
sediment supply during deposition of the upper St. Peter. A fall in relative
sea level, accompanied by no change in rate of sediment supply, would result
in a forced regression shifting the depositional systems tract basinward
superimposing proximal shoreface environments on top of more distal upper
offshore environments. Conversely, increases in relative sea level would
transgress the depositional systems tract landward. This would generally
superimpose distal environments over proximally adjacent environments. For
example, transitional offshore deposits will retrogradationally stack on top of
shoreface deposits. Importantly, a rise in relative sea level will 1) migrate
landward the positions of fair-weather wave base and storm wave base, 2)
possibly create marine erosional ravinement surfaces as migrating wave base
scours into shoreface deposits, 3) starve sediment landward and create new
areas of non-deposition where sea floor sediments become subject to
prolonged residence times on the sea floor, and 4) as a result open marine
suspension settling and carbonate depositional environments migrate over
environments formerly dominated by silicilastic sand deposition (Plint, 2010).
Figure 7 illustrates this depositional systems tract.
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Figure 7: Shoreface-offshore depositional model. Note zones of wave-base
influence and resulting sandstone facies distribution for a
carbonate prone, epeiric sea shelf (modified after Coe and
Church, 2006).

Barnes and others (1996) propose a low gradient depositional surface
existed in the basin during the early Paleozoic. Low depositional gradients
amplify relative sea level changes by displacing depositional environments,
landward or basin ward, greater distances laterally thus enhancing the aerial
extent of sequence stratigraphic surfaces such as flooding surfaces.
Changes in relative sea level can result from changes in global eustatic
sea level, changes in local tectonic basin subsidence or uplift, or both (Coe
and Church, 2002). To understand potential causes for changes in relative sea
in the Middle Ordovician Michigan Basin, a eustatic sea level curve (Haq and
Schutter, 2008) and basin subsidence studies (Howell and van der Plujim,
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1990, 2010; Kominz et al., 2001) are reviewed. Haq and Schutter’s (2008)
eustatic sea level curve (Figure 8) shows 1st order global transgression from
the Middle Ordovician throughout the Early Silurian when global sea level
reached its highest point during the Phanerozoic. The Middle Ordovician
segment of the curve is punctuated with 5 higher order fluctuations in
eustatic sea level.

Figure 8: Ordovician sea-level curve (modified after Haq and Schutter, 2008).
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Howel and van der Plujim (1990, 1999) use sequence stratigraphy and
backstripping to argue that Michigan Basin subsidence in the early Paleozoic
occurred as discreet episodic events driven by far field Appalachian orogenic
activity accompanied by intermittent periods of tilting, rather than occurring
via continuous thermal contraction. These workers suggest local effects
included weakening of the lower crust and reactivation of preexisting upper
crustal isostatic imbalance. On the contrary, Kominz et al. (2001) conducted a
backstripping study using revised petrologic, sequence stratigraphic, and
biostratigraphic analysis of the Cambrian and Ordovician sections to
demonstrate proper fitting of a thermal curve, suggesting continuous
subsidence and that global eustatic sea level is in fact reflected in the lower
Paleozoic section.

CHAPTER II
METHODOLOGY

This study draws data from 468 wells (Figure 9) that penetrate the top
of the St. Peter Sandstone. These wells have modern wireline log suites
(Gamma Ray, Neutron Porosity, and Bulk Density), and where available,
conventional core, and core analysis. Petrographic thin sections are also
analyzed to evaluate diagenetic alteration.

Conventional Core

The principal data for this study are 38 conventional cores from the
upper St. Peter in the Michigan Basin (Appendix A). These cores are from
wells scattered across the northern half of the basin (Figure 9). Approximately
half of these wells occur grouped within oil and gas fields where spacing
between cored wells is typically 1 mile or less. This allows for increased
lateral-resolution during stratigraphic correlation, while the remaining moreisolated cored wells provide regional control of stratigraphy between fields.
The most dense grouping of cored wells (n=4) used in this study is in the
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West Branch Field in Ogemaw County. The highest stratigraphic frequency of
flooding surfaces in the upper St. Peter are observed in the West Branch Field.

Figure 9: Cored wells map. The distribution of the St. Peter Sandstone in
Michigan’s Lower Peninsula and the wireline logged wells
(n=468) by which Formation distribution was determined are
shown. Wells with core examined for this study are highlighted
red (n=38).
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Cores were analyzed for bulk composition, grain size (Wentworth
1922) and grain texture (Folk 1970), sedimentary structures, character and
degree of bioturbation (Boggs, 1994; Ekdale, et al., 1984), and degree of
cementation. Primary identification of flooding/drowning surfaces, as well as
stratigraphic associations (facies successions) was also constructed from core
observations.

Integration

of

these

attributes

produces

the

primary

depositional framework and the basis for an integrated depositional and
diagenetic geologic model for the development of reservoir quality.
Direct measurements of grain density and porosity from plug
measured conventional core analysis aid in depth calibrations between core and
wireline log. Along with porosity, plug measured permeability was also
important in the assignment and analysis of petrofacies and reservoir quality.

Thin Section Petrography

Thin

section

petrographic

analysis

and

point

counts

(n=250

counts/sample) using a petrographic microscope, were conducted on 111
samples from core across the northern half of the basin in order to quantify
detrital composition, diagenetic components, paragenesis, pore geometry and
porosity types (Dickinson, 1985). Special attention was given to the
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documentation of early-marine cements, primarily compaction and minus
cement porosity relationships in order to address the proposed model for
development of reservoir quality in the upper St. Peter Sandstone. Thin
sections were impregnated with blue epoxy prior to analysis in order to
highlight porosity, and stained with sodium cobaltnitrate in order to facilitate
the identification of potassium feldspar.

Wireline Logs

More than 1300 wells penetrate the upper St. Peter Sandstone in the
Michigan Basin. While less than 100 of these wells contain core from the St.
Peter Sandstone, more than 400 have conventional wireline log data.
Lithofacies identified in core were calibrated to wireline log signature in
order to infer lithofacies from logfacies. This approach greatly improves the
utility of more abundant well log data for greater facies control in
depositional and sequence stratigraphic modeling. In this study the use of
core-correlated wireline logs is fundamental to the correlation of flooding
surfaces, inferred to be chronostratigraphically significant, between wells
from which no core exists.

35
Modern log suites from 468 wells penetrating the Lower Paleozoic in
the Michigan Basin were selected and reviewed in order to evaluate the
lateral extent of depositional facies and evaluate the proposed model.
Formation tops for the Glenwood Formation, St. Peter Sandstone, and Prairie
Du Chien Formation were picked from these logs and basin-wide structure
and isopach maps were constructed in order to infer basin-scale St. Peter
geometry and assist in the evaluation of a general regional depositional
framework. Wireline logs were used to calibrate core to log, and correlate
facies and stratigraphy where no core exist.
Digitized wireline logs suites used in this study include gamma ray
(GR), bulk density (RHOB), neutron porosity (NPHI), and photoelectric effect
(PE). Density porosity (DPHI) and average porosity (PHIA) were calculated
from NPHI, logging matrix density, and borehole fluid density.
Gamma-Ray (GR) curves detect the natural radioactive decay of
isotopic K40, Th232 and U235. In context to this investigation, GR curves are
significant for detection of the K40 isotope, a prevalent constituent of
potassium feldspar, and both detrital and authigenic clays. Previous work
(Odom, 1976) has demonstrated correlations between detrital potassium
feldspar or its dissolution products, and energy regime (proximal-distal) in
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marine depositional environments in Lower Paleozoic rocks of the Upper
Midwest. Through careful core to wire-line log calibration/correlation in rock
strata from the Upper St. Peter Sandstone in the Michigan basin (and with
diligent petrographic characterization from core), the gamma-ray log
response can be related to K40 isotope content, which may then be used as an
indicator of depositional facies where no core exists.
Bulk density (RHOB) wireline log curves assist as lithologic indicators
since pure quartz sand has a density of 2.65 g/cm3. In this study, initial
wireline log neutron porosity (NPHI) was transformed into average porosity
(PHIA) by accounting for logging matrix density and borehole fluid density.
PHIA is calculated to more accurately reflect matrix porosity. Photoelectric
Effect (PE) logs suggest lithology by means of elemental response from bulk
matrix. Pure quartz sandstones yield a PE value between 1.8 and 2.0. With the
establishment of lithologically/core controlled cutoff values, these log types
each play an important role in the development of a wireline log based
reservoir quality predictive tool.
Where possible using lithology, and especially where both core and
core analysis are available, wireline logs were depth-shifted to match actual
core-measured depths in an effort to correct for “cable stretch” and other
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sources of error inherent in the well logging procedure. Depth shifts are
based primarily on the matching of wireline log density and porosity curves
to core-measured density and porosity curves available from core analysis
reports. Depth shifts are typically less than 10 vertical feet, and names of
resulting shifted curves are suffixed with “_S”.

CHAPTER III
GEOLOGIC CHARACTERIZATION

Conventional core is the starting point for depositional facies and
sequence stratigraphic analysis. Distinctive wireline log responses were
identified that correspond to depositional facies and sequence stratigraphic
features in order to interpolate and extrapolate depositional conditions
temporally across the study area. Petrographic thin section analysis was
conducted in order to assess existing diagenetic models for petrofacies
development and distribution in the St. Peter. The vertical distribution of
petrofacies was analyzed in relation to sequence stratigraphic flooding
surfaces to test for stratigraphic control on petrofacies development.

Core Lithofacies

The St. Peter Sandstone in the Michigan Basin is predominantly quartz
arenite, with lesser but concentrated occurrences of both carbonate- and
feldspathic siltstone. The lithofacies scheme is adopted from previous work.
Lundgren (1991) and Barnes et al. (1992) identified four main facies in the St.
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Peter by means of core and core-calibrated log analysis. These facies are
(Barnes et al., 1992): 1) Cross-bedded quartz sandstone, 2) laminated,
argillaceous dolomicrite, 3) stratified and burrowed quartz sandstone, and 4)
burrowed quartzo-feldspathic sandstone. The distribution of these facies is
laterally heterogeneous across the basin.
The focus of this research is on the upper St. Peter in the northern half
of the Michigan Basin, which is largely dominated by lithofacies 3 and 4. It is
proposed here, after Barnes (2010), that depositional flooding surfaces of
allogenic origin control later petrofacies development and distribution.
Flooding surfaces are typically observed within facies 4. Facies 3 is of interest
as a comparative subjacent facies with similar petrologic properties that may
or may not have resulted from similar depositional conditions and
paragenesis. What follows is a lithologic evaluation of facies 3 and 4 by this
author.
Lundgren (1991) and Barnes and others (1992) establish their typelithofacies using core from Martin 1-15 (Gladwin County) as a reference well.
This author has described the upper St. Peter using core from Meir 2-21 and
from Trout 3-18 (Ogemaw County) as reference wells. Both Meir 2-21 and
Trout 3-18 are gas producing wells in the West Branch Field located 30 miles
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north of Martin 1-15. Investigation of core reveals facies 3 and 4 are
correlative between these wells and Martin 1-15 (Figure 10).

Figure 10: Type log correlations. This stratigraphic cross-section shows facies
correlations between Martin 1-15 reference well for previous
work (Lundgren, 1991; Barnes et al., 1992) and Meir 2-21 and
Trout 3-18 reference wells for this study.

41
Facies 3

The stratified and burrowed quartz sandstone facies of Barnes and others
(1992) is a tan to off-white, moderate to bimodally sorted, fine- to coarsegrained sandstone. Abundant horizontal planar stratification and less
common low-angle (<10°) cross-stratification are typical, though commonly
disrupted or destroyed by vertical burrows (Figure 11).
Bioturbation is common, including vertical burrows of Skolithos and
lesser common horizontal burrows of Cruziana ichnofacies. These burrows are
found to contain both coarser grains and better sorting than the surrounding
matrix grain textures. These burrows are commonly preferentially quartz
cemented.
As discovered by previous workers (Barnes et al., 1992) facies 3 is not
easily distinguished from typically subjacent facies 1 in wireline log response.
Conventional core studies are the principal means for identifying the
stratigraphic distribution of facies 3. Facies 3 has a typical gamma ray (GR)
log response between 10 and 21 API units (Figure 12). This relatively low GR
signature results from very low levels of both K-feldspar and clay cement.
Photoelectric Effect (PE) signatures range between 1.5 and 2.5 barns. Wireline
logged density values reflect those of typical quartz sandstone between 2.4
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g/cm3 and 2.6 g/cm3. Logged porosity is variable and non-diagnostic, ranging
0 to 10%.

Figure 11: Facies 3 core slabs. At Meir 2-21, Ogemaw County: a) planar
bedding interrupted by vertical Skolithos burrows (10588.3’ MD),
and b) planar and cross-bedding (10601’ MD).
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Figure 12: Core to wireline log correlations. Displayed are lithofacies and
corresponding wireline log responses at Meir 2-21, Ogemaw
County. Note increasing gamma ray up-section.
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Facies 4

Facies 4 is burrowed quartzo-feldspathic sandstone. This moderate to
poorly sorted, coarse- to fine-grained, dolomitic and argillaceous sandstone is
transitional upwards from facies 3 and, where present, always represents the
uppermost section of the St. Peter Sandstone. Bioturbation is abundant
(Figure 13), resulting in rare preservation of current induced sedimentary
structures. Burrow types include both vertical Skolithos and horizontal
Cruziana, suggesting variable current regimes. The burrows are commonly
preferentially quartz cemented as in facies 3, but here to a greater degree of
contrast with adjacent clay cemented, non-burrowed sandstone. In some
cases the quartz cemented burrows preserve in core as individual “fingers”
while surrounding friable, clay cemented sandstone is not preserved (Figure
14).
Where present, sedimentary structures include horizontal planar
stratification, and low-angle (<10°) cross-stratification. Tempestite hemicycles
are also observed. These storm bed sequences are typified by fine-grained,
muddy, bioturbated sand and mud, with scoured upper contacts on which
rest well-sorted, medium- to coarse grained sand often displaying low angle
hummocky cross-stratification. These sands gradually fine-upward again to
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silty, argillaceous, muddy, bioturbated sandstone layers. Mudstone rip-up
clasts are also observed as basal lags in association with tempestite
hemicycles. See figure 15 for examples of storm features.

Figure 13: Facies 4 core slabs. a) Quartzo-feldspathic sandstone of facies 4 at
Meir 2-21, Ogemaw County (10514’ MD). Note horizontal
Cruziana burrows near the top of the sample along with burrows
of more vertical character near the bottom of sample. b) Quartzofeldspathic sandstone of facies 4 at Trout 3-18, Ogemaw County
(10608’ MD). Note the preferential quartz cementation of vertical
Skolithos burrows.
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Figure 14: Facies 4 core slabs, Skolithos burrows. Preferential quartz
cementation is shown from a) Seignious 1-10, 10636’ MD (Arenac
County), and b) Trout 3-18, 10620’ MD (Ogemaw County). In b,
preferential quartz cement has resulted in well cemented, “fingerlike” vertical Skolithos burrows in adjacent friable, clay cemented
sandstone.
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Figure 15: Facies 4 core slabs, rip-up clasts. a) Storm related rip-up clasts
(arrows) at Meir 2-21, 10521’ MD (Ogemaw County). b) Scour
surface and rip-up clasts (arrow) in basal lag suggesting high
energy currents (storm wave) topped by planar- to hummocky
cross- stratification at State Bentley 4-20, 11458’ MD (Gladwin
County).

Thin shale beds (1-6 in), previously suggested by Barnes (2010) to be
condensed sections above parasequence-bounding flooding surfaces are
frequently observed in lithofacies 4 throughout the study area. The
significance of these features to this research is addressed in subsequent
sections.
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Gamma ray log (GR) response is the primary criteria for distinguishing
facies 3 and facies 4. In the study area, facies 4 displays a steadily increasing
GR response punctuated by frequent GR spikes, resulting in a “saw-tooth”
pattern with broad troughs (Figure 12). The curve’s broad troughs reflect the
burrowed quartzo-feldspathic sandstone of Facies 4, while the GR spikes
represent the inferred marine drowning surfaces observed in core.
GR troughs alone (ignoring the GR peaks) display an overall
increasing GR response from 21 API at the contact with the top of facies 3, to
between 45 and 55 API at the contact with the base of the Glenwood
Formation where the GR increases sharply above 150 API. The steady
upwards increase in GR indicative of facies 4 results from increasing levels of
both K-feldspar and authigenic clay cement (Odom 1976). This relationship is
supported by scatter plots of K-feldspar and clay content (from petrographic
point count) versus GR response (Figure 16). The GR spikes are typically
sharp and as high as 200 API where shale beds are identified in core and
inferred in log.
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Figure 16: Gamma-ray verses K-feldspar correlations. Gamma-ray (wireline)
is plotted against combined K-feldspar and clay (point count %)
for Meir 2-21, 10501’-10602’ MD, with trendline, demonstrating
the relationship between K40 isotope bearing K-feldspar and
authigenic clay, and gamma ray log response.

Photoelectric Effect (PE) signatures range between 2.0 and 2.5 barns
with very low standard deviation, and subtly increase upwards. Wireline log
density values reflect those of typical quartz sandstone between 2.4 g/cm3 and
2.6 g/cm3. Log porosity is variable and non-diagnostic, ranging 0 to 15%.
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Flooding Surfaces and Associated Condensed Sections

Multiple occurrences of thin (1-6 in) beds composed of silt, clay, and
very fine grained detrital K-feldspar are recognized in facies 4 of the upper St.
Peter Sandstone in the Northern half of the Michigan Basin. Where present,
the stratigraphic frequency of these beds is variable, but generally increases
both basin-ward as well as up-section. The highest concentration of these
beds is recognized in the east-central basin between Gladwin and Ogemaw
Counties. Using core and log, these beds are stratigraphically traceable
towards the basin margins where they decrease in stratigraphic frequency to
a complete absence in the west and northwest.
These beds are interpreted to result from distal siliciclastic suspension
settling to pelagic depositional conditions, occurring at depths at least below
fair-weather wave base. In a sequence stratigraphic sense, each of these beds
is interpreted to represent a flooding surface and associated condensed
section. Each of these surfaces serves as a parasequence boundary, reflecting
a rapid relative sea-level rise. Each subsequent condensed section shale bed
represents a significant decrease in coarser-grained clastic sediment
accumulation rates.
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Kamola and Van Wagoner (1995) describe flooding surfaces as
stratigraphic events marking “abrupt increase in water depth, accompanied
by minor submarine erosion and non-deposition”. In this regard, flooding
surfaces

serve

as

parasequence

boundaries,

“separating

individual

parasequences within a parasequence set.” Posamentier and Allen (1999)
prefer usage of the term drowning surface rather than flooding surface for cases
in which contact relationships exclusively involve marine facies and cannot
be directly correlated to landward expressions of sea level change. In
accordance with its well established usage in the modern literature, this work
defaults to usage of flooding surface though no landward equivalent surfaces
are identified.
Flooding surfaces and their associated condensed sections in the St.
Peter are almost always characterized 1-10 cm of mudstone with sharp basal
contacts, though slightly diffuse basal contacts are recognized. Top contacts
vary between sharp to diffuse (Figure 17). Sharp top contacts occur as
featureless horizontal and planar features, but also display scour and
subjacent to low-angle cross-stratification interpreted to be tempestite storm
deposits. Slightly diffuse contacts may have resulted from bioturbation
disrupting the original contacts. Horizontal burrows of Cruziana ichnofacies
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occur commonly within and across the contacts of these shale beds, further
supporting slowed rates of sedimentation.

Figure 17: Facies 4 core slabs, flooding surfaces and associated condensed
sections. Arrows highlight flooding surfaces, from a) Lowe 1-27,
9396’ MD (Osceola County), and b) Mentor 1-29, 10085’ MD
(Oscoda County).
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GR response for these flooding surface associated condensed sections
is typically 45 API and higher (Figure 18). The vertical resolution of the
modern GR typically results in condensed beds (~1-6 inches thick, in core)
displaying GR peaks between 1-4 feet thick in log. Concentrations of multiple
condensed sections within intervals as thin as 2 feet are not rare (Meir 2-21,
10525’ MD; Trout 3-18, 10605’ MD; Roseville Gun Club 1-17, 11638’ MD; USA
Mentor C 1-29, 10072’ MD). In these instances, otherwise individual GR curve
spikes corresponding to individual flooding surfaces tend to amalgamate
forming singular but thick (>6’) spikes on GR curves and can have
significantly greater amplitudes (>100 API). Flooding surface condensed beds
in this study have photoelectric effect (PE) log responses between 2-3 barns.
Minute amplitude contrasts between adjacent sandstone and flooding
surfaces renders PE an unreliable indicator of flooding surface associated
condensed sections. Bulk density (RHOB) and neutron porosity (NPHI) are
also unreliable indicators of flooding surfaces, though RHOB displays subtle,
relative increases of approximately 0.10 g/cm3. NPHI log curves do not
resolve flooding surface beds particularly due to vertical heterogeneity of
petrofacies at, above, and below flooding surfaces.
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Figure 18: Flooding surfaces in cored section. Flooding surfaces A-G at Meir
2-21 are depicted in core description, wireline log, and in photos.
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Top of the St. Peter Sandstone

This investigation acknowledges a St. Peter Sandstone top that varies
in character basin-wide, from sharp and disconformable in the north and
west, to diffuse and gradational in the south and east. Wireline log signatures
(core-controlled where core was available) were reviewed and the top of the
St. Peter was picked for 484 wells basin-wide. In the Meir 2-21 well in the
east-central basin, the top of the St. Peter is picked from core as the contact
between the last burrowed quartzo-feldspathic sandstone and the overlying
silty argillaceous dolomicrite of the Glenwood Formation at measured depth
10,501’ MD (Figure 19). This core-based pick is laterally interpolated and
extrapolated using wireline log. In the east-central basin, the top of the St.
Peter is typically picked at the base of the first interval in which:


GR exceeds 80 API (and typically 100 API) for no less than 6 feet



PE exceeds 2.5 barns for no less than 6 feet



RHOB exceeds 2.7 g/cm3 for no less than 6 feet
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Figure 19: Top of the St. Peter Sandstone. Shown as picked (10501’ MD) at
Meir 2-21, Ogemaw County. In the east central basin, and into much of
the surrounding basin, this pick is where gamma-ray exceeds 80 API and
photoelectric effect exceeds 2.5 barns for more than 6 feet. Crossover
between the density and porosity curves is also diagnostic in
highlighting the transition from a sandstone matrix in the St. Peter to a
dolomicrite dominant matrix in the Glenwood Formation.

Depositional Model

Interpretations of depositional environments are not based solely on
individual lithofacies, but are also supported by facies successions (Figure
20). In facies 3, the medium to coarse-grained, moderate to well sorted
sedimentologic character, and presence of planar horizontal to low angle
cross-stratification suggests deposition in a shallow marine upper-middle
shoreface environment with variable current regime. The presence of vertical
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Skolithos burrows, and moderate- to high rates of sedimentation, also suggests
normal marine conditions.
Facies 4 is characterized by abundant burrowing of both Skolithos and
Cruziana ichnofacies, tempestite hemicycles containing scour surfaces,
mudstone rip-up clasts, with condensed section interbeds rich in mica and Kfeldspar silt. These features suggest deposition in normal marine conditions,
in the offshore transitional zone on an increasingly distal, storm-dominated,
epeiric sea shelf. The condensed section beds are interpreted to result from
rapid rises in relative sea-level that shift the systems tract landward and
impose more distal offshore environments above previously lower shoreface
and offshore transitional zone environments. Sand deposition migrates
landward and is locally replaced with very-fine grained siliciclastic
suspension settling occurring at depths at least below fair-weather wave base.
As siliciclastic sediments were increasingly starved in the southeast, the
Michigan Basin was transitional to a more carbonate prone, marine
environment.
Marine hardground cements develop during prolonged residence
times at the sea floor, while episodic storm events periodically distribute sand
offshore via combined flow currents (Plint, 2010). Continued sedimentation
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eventually allows for the depositional systems tract to autocyclically
prograde basinward into former positions through basinward progradation
of offshore transitional and shoreface environments. This parasequence
stacking pattern appears aggradational to retrogradational in the central and
northern basin and is represented graphically by the model in figure 21. See
also regional stratigraphic cross-sections in appendix E.
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Figure 20: Depositional environments by depth in core section. From Meir 221 (Ogemaw County).
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Figure

21:

Parasequence model. Represented is an aggradational
parasequence stacking pattern in which sequences build upwards
more than they build laterally. Preliminary log observations
support aggradational to retrogradational parasequence sets in
the upper St. Peter. When the rate of relative sea level rise rapidly
outpaces the rate of sediment accumulation, the depositional
systems tract is displaced landward. As a result marine erosional
ravinement
surfaces
develop where lower
shoreface
environments overtake formerly middle to upper shoreface
environments, and time correlative flooding surfaces develop
where offshore and offshore transitional zone environments
overtake formerly shoreface environments. Increases in Kfeldspar silt content typically associated with flooding surfaces in
the upper St. Peter Sandstone have relatively high wireline log
gamma ray response (>45 API) (modified after Coe and Church,
2006).

CHAPTER IV
SEDIMENTARY PETROGRAPHY

Detrital Mineralogy

The dominant source terrain for the St. Peter Sandstone in the
Michigan Basin is believed to be uplifted, yet low-relief, intracratonic
Cambrian and Pre-Cambrian sandstone highlands to the north and
northwest. These source terrains typically produced an ultra-mature sand
composed of multi-cycle, monocrystalline quartz detritus (Mai and Dott,
1985). An increase in non-quartz, mineral components including K-feldspar,
muscovite, and stable heavy minerals, along with an increased polycrystalline
quartz content in the northeastern Michigan Basin (Lundgren, 1991; Barnes et
al., 1992) may indicate detrital contributions from- Precambrian granitic
and/or metamorphic terrains of the Grenville Province located to the modern
northeast.
In facies 3 detrital grains constitute an average 86.0% of the volume,
with the remaining 14.0% of volume attributable to intergranular cement and
porosity (Table 1; also see Appendix C). The detrital mineralogy of facies 3 is
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quartz dominant (average 99.0% of all detrital) (Figure 22). Detrital quartz
grains are sub-rounded to rounded and display point to planar contacts.
Trace amounts of polycrystalline quartz grains were identified in upper St.
Peter Sandstone facies 3 (Snowplow 6-9; Cousineau AA 1-16) in Alpena
County. These observations accord with those of Lundgren (1991) and Barnes
and others (1992). K-feldspar content in facies 3 is very low (average 1%).
There is little, if any evidence for either partial or completely dissolved
detrital K-feldspar grains in facies 3.

Facies

Qtz

K-Feld

Dolo

Qtz-Og

Clay

Glauc

Collo

Pore

Cment
total

Detrital

Minus
Cement
Porosity

Table 1: Point count statistical summary. Listed are averages by facies for all
samples counted. See Appendix C for complete point count data set.
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Figure 22: Detrital QFL plots. Note nearly pure quartz detrital composition in
facies 3, while K-feldspar content in facies 4 may be as high as
30%. No lithic fragments were counted in either facies.

Detrital grains constitute 77.6% by volume of facies 4 (Table 1; also see
appendix C). Detrital textures in facies 4 are quartz dominant (average 94.3%
of all detrital, see figure 22), though slightly less than in facies 3. Primary
detrital quartz content may have been even less, since evidence of partial- to
fully dissolved feldspar grains is common in facies 4 (Figure 23). Detrital Kfeldspar content is higher (average 5.7%) than in facies 3 and, together with
more common grain dissolution features, was probably even higher at the
time of deposition. Subsequent dissolution of abundant K-feldspar and local
redistribution of K-feldspar dissolution products as authigenic clay are
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interpreted to reflect diagenetic modification of primary detrital grain
composition in Facies 4.

Figure 23: Partially dissolved detrital K-feldspar grains. Dissolution grains
circled for emphasis. Images from facies 4 (9488’ MD) at
Consumers Power 1-3, 10x (Oscoda County).

Intergranular Mineralogy

The St. Peter Sandstone in the Michigan Basin contains a variety of
intergranular cements, including quartz overgrowths, diagenetic carbonate,
and authigenic chlorite and illite (Lundgren, 1991; Barnes et al., 1992; Girard
and Barnes, 1995). Lesser concentrations of glauconite, anhydrite, and
collophane are also present. These cements exist within a complex
paragenesis previously documented by Lundgren (1991) and Barnes and
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others (1992). Intergranular cements in facies 3 average 9.9% by volume, and
average 17.9% in facies 4 (Table 1, see also Appendix C).

Quartz

Quartz overgrowths are the most common cement in the St. Peter
Sandstone (Lundgren, 1991; Barnes et al., 1992). Quartz overgrowth cement
preferentially occurs on the clean grain surface of monocrystalline, detrital
quartz grains (McBride, 1989). Identification of quartz overgrowth cement
versus quartz pressure solution using standard petrographic techniques may
be ambiguous because quartz cement typically exists in optical continuity
with adjacent detrital quartz grains (McBride, 1989; Worden and Burley,
2003). Identification of quartz overgrowths is aided by the presence of dust
rims on the surfaces of detrital quartz grains (Figure 24). Fluid inclusion
temperature studies in the St. Peter Sandstone (Girard and Barnes, 1995)
show a broad range of formation temperature (70-170°C) and indicates
multiple phases of quartz overgrowth cementation.
Quartz overgrowth cement in facies 3 constituents 4.5% by total
volume (Table 1, see also Appendix C). In facies 3, quartz cement is
commonly pervasive and occludes pore space completely. In facies 4 quartz
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overgrowth cement accounts for 2.5% by total volume and, where present,
commonly displays incomplete and/or disrupted pore occlusion (Figure 24).
These textures are interpreted to result from quartz overgrowths developing
in pores already partially occluded with precursor cements.
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Figure 24: Quartz cement: a) Pore occluding quartz overgrowth cement (10x)
in facies 3 at Consumers Power 1-3 (9509’ MD). Complete pore
occlusion indicates an absence of precursor pore occluding
cement during development of quartz overgrowths. b)
Disrupted/incomplete pore occlusion by quartz overgrowth
cement (10x) with authigenic clay in facies 4 at USA Mentor C 232 (10077’ MD). Irregular quartz overgrowth edges indicate
quartz overgrowths developed among and conformed to the
edges of preceding cements. Note dust rims on detrital grains in
both samples. c-d) Disrupted/incomplete pore occlusion by
quartz overgrowth cement (10x) with authigenic clay in facies 3 at
Trout 3-18 (10690’ MD). Irregular quartz overgrowth edges
indicate quartz overgrowths developed among and conformed to
the edges of preceding cements.
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Contact relationships between quartz overgrowth cement and other
intergranular cements are variable. Quartz overgrowth crystal edge
morphology is variable, including amorphous, rounded-moldic, and straightedged euhedral. Amorphous and rounded-moldic edge patterns (Figure 24)
may indicate precursor cements such as glauconite and collophane prevented
pervasive quartz overgrowth development as is common (McBride, 1989;
Worden and Morad, 2000). Euhedral quartz cement showing incomplete pore
occlusion may indicate precursor euhedral carbonate cement interrupted
complete pore occlusion.
Distribution of quartz cement (Figure 25) in both facies 3 and 4 most
commonly occurs where there is an absence of other cements. This includes
much of facies 3, where an overall paucity of other cements is typical. In
facies 4 this includes the well sorted, coarse grained, fillings of Skolithos
burrows (Figure 14), and occasional quartz-rich, high energy, storm deposit
beds (Figure 15).
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Figure 25: Point count data logged by depth. Data from Meir 2-21 cored
interval (10500’-10602’ MD), showing distribution of dolomite
cement, clay cement, K-feldspar, and quartz cement, as relate to
facies 3 and 4, as well as flooding surfaces A to G.
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Carbonate

Carbonate cements in the St. Peter are all dolomite. Three types of
dolomite cements were identified and described by Lundgren (1991). In the
upper St. Peter, dolomite cement occurs as isopachous grain rims, saddle
dolomite, and most commonly as intergranular planar-S dolomite.
Isopachous grain rimming carbonate cements were observed by Shinn (1969)
in modern, highly-bioturbated, sandstone deposits in the carbonate-prone
Persian Gulf. Isopachous grain rimming dolomite typically indicates
syndepositional marine carbonate cementation. Saddle dolomite is a
mesogenetic burial cement, indicating precursor carbonate cements were
replaced during burial conditions (Spötl and Pitman, 1998). In this study the
presence of carbonate cement rather than mineralogy will be quantified since
all carbonate is now dolomite.
Dolomite cement is typically not observed in facies 3. In facies 4,
dolomite cement averages 3.8% by total volume (Table 1, see also Appendix
C) but may be as high as 46.4% (Seignious 1-10, 10,654’ MD). In the Meir 2-21
core, occurrence of dolomite cement displays a sudden up-section increase 4
feet below the first flooding surface (Figure 25). This trend is observed across
the northern basin.
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Dolomite cement in facies 4 typically occurs in partially dissolved
isolated patches. Less common are locally pervasive occurrences of dolomite
cement matrix in which detrital grains “float” (Figure 26c-d). These locally
pervasive occurrences of dolomite cement are more common to the south and
east in the northern half of the basin and thus accord with previously
observed facies changes to more carbonate prone environments in the
southeast (Barnes et al., 1992; Nadon et al., 2000).
Dolomite cement edges and contacts commonly display euhedral
morphology, though anhedral edges are also noted (Figure 26a, e, f). Contact
relationships between dolomite cement and adjacent cements such as clay
typically show adjacent cements conforming to a straight edged euhedral
dolomite crystal. This relationship suggests carbonate cement development
preceded development of adjacent cements.
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Figure 26: Dolomite cement. Examples shown from facies 4. a) Partial pore
occlusion with authigenic clay at Trout 3-18 (10631.8’ MD); b)
pore occlusion with quartz overgrowths at Meir 2-21 (10532.9’
MD); c) complete pore occlusion at Lowe 1-27 (9396’ MD); d)
partial pore occlusion at Consumers Power 1-3 (9501’ MD); e)
partial pore occlusion with glauconite at Consumers Power 1-3
(9501’ MD); and f) higher resolution of partial pore occlusion with
glauconite at Consumers Power 1-3 (9501’ MD).
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Clay

Detrital clays in the St. Peter are rare and tend to occur as thin lamina
(Lundgren, 1991). Most clay in the upper St. Peter is authigenic and results
from burial dissolution of detrital K-feldspar and other detrital silicate grains,
and the remobilization and precipitation of their chemical constituents
(Barnes and Lundgren, 1989; Lundgren, 1991; Girard and Barnes, 1995).
Previous XRD studies (Lundgren, 1991) of authigenic clay in the St. Peter
found illite and chlorite to be the most common clay minerals. Isotopic
studies including authigenic clay mineral geochronology (Girard and Barnes,
1995) determined most illite in the section to have formed long after burial
during the Late Devonian-Mississippian. Trace amounts of glauconite are
also observed (Barnes et al., 1992; Stonecipher, 2000).
Authigenic clays in the upper St. Peter are petrophysically very
significant resulting in reduced permeability and effective porosity
(Stonecipher, 2000). In this study the presence of clay rather than type is
quantified. In exception to this, pelletal glauconite is considered a robust
indicator of sea floor diagenesis associated with marine hardground
formation and early marine-sea floor cementation (Odin and Matter, 1981;
Eder et al., 2007; Wigley and Compton, 2007; Zorina, 2009; Plint, 2010).
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Clay cement content in facies 3 is variable between 0 and 18.0% by
total volume and averages 5.4% (Table 1; also see Appendix C). In facies 4
clay cement content is between 0 and 38%, averaging 11.6% by total volume.
In facies 3 clay concentrations are relatively low and do not exhibit a vertical
distribution trend. Clay content increases in facies 4, and exhibits a slight
increase up-section toward the base of the Glenwood Formation (Figure 25).
Clay in facies 4 often occurs adjacent to carbonate cement and has contact
relationships in which carbonate cement has preceded emplacement of clay
(Figure 26a).
Glauconite pellets and intergranular cement typically develops in
shallow marine to open marine environments under Fe-rich, slightly reducing
conditions, and is the alteration product of terrigeneous clay, eogenetic
smectite, and dissolved Fe (Odin and Matter, 1981; Eder et al., 2007; Wigley
and Compton, 2007). Glauconite development often results from low rates of
sedimentation and consequent long residence times at or just below the seafloor (Wigley and Compton, 2007; Morad et al., 2010). Wigley and Compton
(2007) report modern occurrences developing in upper offshore environments
of 50-500 m water depth off the western South African shelf.
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Glauconite is not observed in facies 3. Trace amounts of glauconite
(<1%) are found in facies 4 (Figure 27) throughout the northeast region of the
basin and typically occur at or within 2 feet below flooding surfaces (Meir 221, 10545.5’ MD; Seignious 1-10, 10635.2’ MD). Contact relationships between
the mostly amorphous and “globular” glauconite and adjacent intergranular
material provide no evidence for relative timing of development. Curiously,
Mai and Dott (1985) report similar observations of glauconite pellets in the
upper St. Peter Sandstone in southern Wisconsin where the unit represents a
mostly non-marine, eolian environment.

Figure 27: Glauconite cement. a) Glauconite at Seignious 1-10 (10635.2’ MD),
and b) glauconite with adjacent secondary porosity at State Albert
1-10 (8379’ MD).

76
An interesting aspect of glauconite occurrence in the upper St. Peter
Sandstone is Fe availability. Eder and others (2007) point out the need for a
source terrain to produce significant amounts of Fe relative to siliciclastics
such that even under low sedimentation rate conditions sufficient Fe is
delivered offshore for glauconitization to occur to smectites and allogenic
terrigeneous clays. The inferred ultra-mature, quart-rich Pre-Cambrian Cambrian sandstone highlands to the modern northwest likely provided little
Fe to the basin. The presence of glauconite therefore supports detrital and
chemical contributions from the Precambrian granitic and metamorphic
terrains of the Grenville Province to the modern north and east where Fe
availability would have been more ample.

Collophane

Collophane is a calcium-phosphate mineral variety of apatite that can
develop as allogenic sea floor cement in marine shelf environments (Wigley
and Compton, 2007; Zorina et al., 2009). Phosphatic cements such as
collophane are also typically indicators of biological influence and the
reworking of products from bone and shell production (Pettijohn et al., 1973).
Delmastro and Burforf (1987) also report authigenic collophane in Silurian
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sandstones resulting from replacement of illite and Fe-rich chlorite, iron
oxide, and as rims on fossil shell. In the St. Peter Sandstone, trace amounts
(<1%) of intergranular collophane cement are found in facies 4 throughout the
northern half of the basin. The collophane typically occurs at or within 5 feet
below flooding surfaces (Figure 20) (also observed at: Lowe 1-27, 9,396’ MD;
Nelson, V. 1-26, 10492.2’ MD; Snowplow 6-9, 7,273’ MD; USA Mentor C 1-29,
10,085’ MD). The collophane is amorphous, and commonly rims detrital
quartz grains and lines pore throats (Figure 28). The collophane commonly
occurs adjacent to intergranular dolomite, glauconite, and illite/chlorite. No
clear relationships of relative timing are noted. Collophane appears brown
under petrographic plain polarized light, and is opaque when viewed in
cross-polarized light.
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Figure 28: Collophane cement. a) Collophane cement at Snowplow 6-9 (7273’
MD); b) collophane and dolomite cements at Lowe 1-27 (9396’
MD); c) collophane and glauconite cements at Nelson, V. 1-26
(10492.5’ MD); d) collophane and glauconite cements under crosspolarized light at Nelson, V. 1-26 (10492.5’ MD); e) collophane,
glauconite, and dolomite cements, with secondary porosity at
Nelson, V. 1-26 (10491.8’ MD); f) collophane cement at Seignious
1-10 (10635.2’ MD).
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Framework Grain Packing

Burial compaction is highly influential in determining the reservoir
quality of sandstone. Mechanical compaction or chemical compaction/
pressure solution of detrital grains decreases porosity and permeability
(Houseknecht, 1987). At the depositional surface moderate- to well-sorted
sand deposits form framework grain packing that typically averages
approximately 40-44% porosity as intergranular volume (Beard and Weyl,
1973;

Houseknecht,

1987).

Houseknecht

(1987)

reports

mechanical

compaction may reduce initial intergranular volumes to 26%, while chemical
compaction/pressure solution can reduce initial porosity to 0%. Compaction
issues are significant to reservoir quality because while porosity reduction via
cementation is potentially reversible, porosity reduction via compaction is
not.
Quantification of minus cement porosity (%, MCP) or the total
intergranular volume with or without cement is a significant indicator of the
degree to which burial compaction has occurred. Estimates of MCP allow for
interpretation of the effects of compaction by totaling all non-framework
grain volume in a sample (Houseknecht, 1987). The presence of cement prior
to and during burial serves to rigidly support detrital framework grain

80
packing and reduce the effects of compaction. Intergranular history of a
sample may then be better understood with regards to earliest cement
development.
Detrital grain composition also plays a significant role in the effects of
compaction on framework grain packing. The presence of rigid grains, such
as quartz, allows for greater framework stability and reduces the effects of
mechanical compaction. Conversely, the presence of ductile and also
potentially dissolvable grains such as feldspars decreases framework stability
(Pittman and Larese, 1991; Bloch, 1994).
Minus cement porosity in facies 3 averages 14.3% and in facies 4
averages 22.4% (Table 1; also see Appendix C). In context to depositional
facies and detrital grain textures these percentages relative to each other are
surprising. In facies 3 a higher ratio of rigid detrital quartz grains to ductile
feldspar grains (85/1) compared to (73/5) in facies 4 should predict relatively
more porosity reduction via compaction in facies 4.
To understand this discrepancy, intergranular volume (%) is plotted
against cement (%) in order to separate the influences of cementation and
compaction in regards to reduction of initial porosity (Figure 29). By
assuming a 40% initial depositional porosity for moderate to well sorted
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marine sands, secondary X and Y axes are imposed on the plot to
demonstrate the degree of influence of compaction verses cementation. Facies
3 samples show low intergranular volumes and low amounts of cement. At
Meir 2-21, facies 3 intergranular volumes are below 16% and cement content
is less than 12% (Appendix C). Facies 4 samples display a broad range of
intergranular volumes and cement percentages, ranging from 5-37% and 738% respectively at Meir 2-21.
Porosity reduction mechanisms for facies 3 show consistency that
results from the general homogeneity of sedimentologic texture, bedding
style, bioturbation, and paragenesis characteristic of middle to lower
shoreface environments. Contrarily, the broad ranges for facies 4 samples
reflect the vertical heterogeneity of the offshore transitional zone lithofacies,
characterized by graded tempestite storm beds, flooding surfaces, and the
diversity of paragenesis resulting therefrom.
In figure 30 the distribution of porosity reduction as a function of
cementation vs. compaction is logged alongside GR and interpreted flooding
surface distribution. The resulting vertical trends of compaction vs.
cementation suggest that there is a gradient in the degree of pre-compaction
cementation below each flooding surface. Minus cement porosity tends to
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increase upwards toward the base of flooding surfaces. This relationship
supports the model for early marine cementation at or just below the sea floor
during rapid transgressive stages.
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Figure 29: Intergranular volume verses cement plot. Data as percentages
plotted by facies for Meir 2-21 (10,500’-10,600’ MD), showing
influence of compaction verses cementation on original porosity
reduction (assuming 40% porosity at the depositional surface).
Facies 3 samples are represented by blue circles and facies 4 by
purple triangles.
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Figure 30: Depositional-porosity reduction-mechanisms log. Data from Meir
2-21 cored interval, showing compaction verses cementation as
agents of original porosity reduction. Note compaction trends on
the right, demonstrating stratigraphic patterns that accord with
proposed multiple stacked parasequences in facies 4.
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Diagenetic Model

Intergranular cements may develop early, at or near the depositional
surface, or during later burial diagenesis (Morad et al., 2000; Worden and
Burley, 2003; Worden and Morad, 2003). Relative timing of the precipitation
and/or

dissolution

of

intergranular

constituents

is

significant

in

reconstruction and analysis of diagenetic pathways. In the St. Peter Sandstone
in the Michigan Basin early syndepositional carbonate cementation at or near
the sea floor was first noted by Barnes and others (1988). Lundgren (1991) and
Barnes and others (1992) have documented intergranular cements and have
established a paragenesis model detailing these pathways (Figure 31). In this
model, early marine cements occlude intergranular volume and effectively
preclude later quartz overgrowth cementation, mechanical compaction, and
chemical compaction/pressure solution. Late dissolution of early marine
cements, along with dissolution of detrital K-feldspar has created substantial
secondary porosity. Facies with abundant K-feldspar dissolution experience
precipitation of pore lining authigenic clay, resulting in decreased
permeability and effective porosity. These relationships are documented by
overall increases in minus cement porosity in facies 4, and more specifically
in local increases directly below flooding surfaces (Figure 30). Furthermore,
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intergranular carbonate cement along with traces of glauconite and
collophane typically and preferentially occur at or just below flooding
surfaces (Table 2). Few partially dissolved K-feldspar grains have been noted
(Figure 23). Higher levels of depositional K-feldspar are inferred to have
existed and since dissolved and contributed to the development of burial
diagenetic clay.

Figure 31: Paragenetic sequence schematic. Modeled from the upper St. Peter
Sandstone in the Michigan Basin (Barnes et al, 1992).

Figure 32 compliments figure 31, depicting 3 diagenetic scenarios and
photomicrograph examples in which (A) quartzose sandstone experiences
relatively rapid burial, (B) quartzose sandstone experiences prolonged
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subaqueous exposure at the sea floor due to rapid rises in relative sea level,
and (C) feldspathic sandstone experiences prolonged subaqueous exposure at
the sea floor due to rapid rises in relative sea level.
Sequence stratigraphy is introduced to this diagenetic model (Barnes,
2010) by attributing early marine cementation to flooding surfaces. Prolonged
residence times of sediment at or near the sea floor allow for precipitation of
carbonate cement and other marine hard-ground forming cements such as
collophane and glauconite (Worden and Morad, 2003; Eder et al., 2007;
Wigley and Compton, 2007; Zorina et al., 2009). These cements contribute to
the preservation of intergranular volume, and later secondary porosity.
Proximity of carbonate, glauconite, and collophane cements to flooding
surfaces in the upper St. Peter is supportive of a syndepositional origin for
these cements.
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Figure 32 (following page): Petrographic model. Depicted are 3 diagenetic
pathway scenarios A, B, and C, and photomicrographs of
examples. In scenario A, shoreface quartzose sandstone is subject
to relatively rapid burial, little early (eogenetic) cementation,
compaction, and mesogenetic development of quartz overgrowth
cement. In scenario B, shoreface quartzose sandstone experiences
prolonged subaqueous exposure at the sea floor, develops early
marine cement, and late dissolution porosity, maintaining high
minus cement porosity. In scenario C, upper offshore feldspathic
sandstone experiences the same depositional and eogenetic
conditions as scenario B. Additionally detrital feldspar grains
dissolve and result in the precipitation of pore-lining authigenic
clay.
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CHAPTER V
PETROLOGIC EVALUATION

This petrologic evaluation of facies 3 and 4 addresses the distribution
of petrologic regimes/petrofacies within a lithofacies context, and also at
smaller scale, paying particular attention to the proximity and influence of
transgressive flooding surfaces on subjacent sand beds in lower shoreface and
upper

offshore

deposits.

This

investigation

incorporates

lithofacies

distribution, petrographic thin section point count data, wireline log data,
and core measured porosity and permeability data. Incorporation of core and
thin section data allows for the linkage of particular wireline log signatures to
reservoir petrofacies in marine shoreface and upper offshore sandstones that
display distinctive transgressive surfaces.
Three distinct petrofacies proposed by Lundgren (1991) and Barnes
and others (1992) are recognized here in lithofacies 3 and 4 of the upper St.
Peter. These 3 petrofacies correspond to the 3 diagenetic scenarios reviewed
in the previous section (see Figure 32). While these early workers (Lundgren,
1992; Barnes et al., 1992) significantly demonstrated patterns of petrofacies
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distribution directly resulting from depositional environment and subsequent
paragenesis, the distribution of petrofacies within lithofacies was described as
complex with no clear and predictable geological controls on the distribution
of reservoir quality. This is particularly the case in the upper St. Peter where
high lithologic heterogeneity in facies 3 and 4 is documented. Scale of
observation/consideration is thus very significant in quantifying the
distribution of these petrofacies/petrologic regimes. Three important scales of
observation include a) gross stratigraphic unit/depositional unit, b)
interbedding scale, and c) sub-bed scale. Petrologic heterogeneity is
documented at all three scales. One of the primary aims of this work is to
more clearly describe reservoir quality heterogeneity in order to establish a
methodology for log-based petrofacies/reservoir quality prediction.
Each of the 3 petrofacies has been documented occurring more
frequently in a specific lithofacies (Figure 33) (Lundgren 1991; Barnes et al.,
1992, Stonecipher, 2000). However, outright assignment of any of the 3
petrofacies to a particular lithofacies is an overgeneralization. Using Meir 2-21
(10501’-10602’) for reference, petrofacies are analyzed first and mainly on the
basis of a) gross lithofacies, and then later analyzed/considered for
heterogeneity at 2 smaller scales of b) interbed scale, and c) sub-bed scale.
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Petrology of Gross Lithofacies

Previous workers (Lundgren, 1991; Barnes et al., 1992) describe
petrofacies 1 as commonly quartz overgrowth cemented, moderate to highly
compacted, quartz sandstone typically resulting in low porosity and low
permeability. At the gross lithofacies scale, petrofacies 1 dominantly occurs in
facies 1, and is therefore most prevalent in the lower and middle sections of
the St. Peter (Figure 33) (Lundgren, 1991; Barnes et al., 1992). Petrofacies 2 is
characteristic of quartz sandstone with K-feldspar and clay contents slightly
higher than in petrofacies 1. Evidence of partial or fully dissolved early
marine cement is common in petrofacies 2. High intergranular porosity and
permeability are common. Petrofacies 2 is reported (Lundgren, 1991; Barnes
et al., 1992) to occur most commonly in the stratified and burrowed quartz
sandstone of facies 3, where quartz sand was deposited with syndepositional
carbonate mud that lithified and later prevented quartz overgrowth
cementation.
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Figure 33: Petrofacies by gross lithofacies. Assignments based on cored
section at Martin 1-15.
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Petrofacies 3 is similar in origin to petrofacies 2, with the exception that
the more distal depositional origin of petrofacies 3 contains higher levels of
detrital K-feldspar grains. Late dissolution of feldspar grains has added
increased dissolution porosity but typically with reduced permeability.
Elevated levels of pore-lining authigenic clay are believed to result from
incongruent dissolution and reprecipitation of chemical mass derived from
essentially in-situ, detrital K-feldspar, micas, and carbonate cement
(Lundgren, 1991). Petrofacies 3 has been grossly assigned by previous
workers (Lundgren, 1991; Barnes et al., 1992) to the quartzo-feldspathic
sandstone of facies 4, where sand, deposited with syndepositional carbonate
mud, was rich in detrital feldspar grains that later dissolved and contributed
to authigenic clay formation (Lundgren, 1991; Barnes et al., 1992, Stonecipher,
2000).

Facies 3

Assignment of petrofacies at Meir 2-21, as directly corresponding to
gross lithofacies, shows fair consistency of petrologic properties for facies 3
(10602’-10575’ MD) (Table 2). However, this consistency does not reflect the
high quality reservoir properties of petrofacies 2, but rather a weak reservoir
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with low permeability. The burrowed and stratified quartzose sandstone has
porosity ranging 2.4% to 9.3%, averaging 6.5%. Permeability ranges <0.1mD
to 11.0 mD, averaging 2.6 mD. A porosity-permeability plot with fitted
regression trendline (Figure 34) yields a minimum porosity cutoff value of
8.8% necessary for minimum 5 mD. The regression trendline’s relatively good
r2 value of 0.78 demonstrates decent petrologic homogeneity. This is
supportive of the lithologic homogeneity of facies 3.

Table 2: Petrologic properties by gross lithofacies

Facies 3

Facies 4

Porosity
(%)

K
(mD)

r35
(μm)

GR
(API)

average

6.5

2.6

1.5

20.4

stdv

1.9

2.6

0.8

4.3

min

2.4

<0.1

0.5

12.5

max

9.3

11.0

3.6

31.4

average

8.3

13.3

2.0

46.7

stdv

2.9

51.9

3.1

24.7

min

1.9

<0.1

0.2

24.1

max

15.2

419.0

20.8

140.5
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Figure 34: Poro-perm plot of gross lithofacies determined petrofacies.

Pore throat aperture radii were calculated for facies 3 using the
Winland r35 method. The r35 calculation is designed for pure intergranular
porosity and is only a general characterization of pore throat radii for less
regular pore systems such as those containing oversized and dissolution
pores (Hartmann and Beaumont, 1999). The r35 calculation is:

radii = 10^(0.732+(0.588*(Log(K))-(0.864*Log(φ))))

96
Facies 3 contains pore throat radii between 0.52μm (micro) and 3.63μm
(macro), with an average of 1.54 μm (meso) (Table 2).
Petrographic observation of facies 3 samples from Meir 2-21 and other
wells in the east central basin show relatively low levels of minus cement
porosity (5-15%), moderate amounts of quartz cement (1-10%), and very low
levels of clay and K-feldspar (Figure

30; also see Appendix C). Quartz

cement, common throughout the matrix, often exhibits moldic porosity
within itself and adjacent to itself, suggesting quartz cement precipitation in
the presence of previously present cements (Figure 24c-d). Because facies 3 is
not cemented pervasively with quartz overgrowths, but nevertheless contains
substantial amounts of quartz cement, reservoir quality in facies 3 is best
explained through a composite of 2 different petrofacies (1 and 2) that coexist
at the pore system scale. Early carbonate cement developed but was not
pervasive, and allowed for later partial development of mesogenetic quartz
cement.

Facies 4

Assignment of petrofacies 3 to all of facies 4 yields results with low
consistency (Table 2). While porosities range from 1.9% to 15.2%,
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permeability ranges between <0.1mD and 419.0mD having a standard
deviation of 51.95. Pore throat radii range between 0.18μm (micro) and
20.76μm (mega), averaging 2.0μm (meso). A porosity-permeability cross plot
with regression trendline (Figure 34) shows a minimum porosity cutoff of
12.0% in order to achieve minimum reservoir performance at 5 mD. A low r 2
value of 0.30 for this trendline demonstrates a broad spread in the data and
high petrologic heterogeneity. This is to be expected in facies 4 where
lithologic heterogeneity is very high and occurs at the interbedded scale, as
well as in the sub-bed scale. Though clay and K-feldspar content are high in
facies 4 (see Chapter IV) and generally support assignment of petrofacies 3 to
facies 4, such a general assignment is insufficient in addressing wide
differences in core analysis permeability between the upper and lower halves
of facies 4.

Log Enhanced Analysis

To improve understanding of heterogeneity in facies 4, and avoid
overgeneralization of facies 4 as grossly representing petrofacies 3, a gamma
ray (GR) cutoff is employed. At Meir 2-21 facies 4 can first be effectively
separated from facies 3 by using a GR cutoff of <25 API to identify facies 3
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and >25 API to identify facies 4 (Figure 35). Using GR, facies 4 can also be
petrologically divided in into a lower half (25-45 API) and upper half (>45
API). Core analysis permeability clearly supports this subdivision of facies 4,
showing a permeable lower half (10575’-10532’ MD), averaging 21.2 mD, and
a less permeable upper half (10532’-10501’ MD) averaging 1.3 mD (Table 3).
Gamma ray thus allows for petrologic subdivision on the gross facies scale,
resulting in the assignment of petrofacies 3a (GR<45API) and petrofacies 3b
(GR>45API) to facies 4 (Figure 35).
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Figure 35: Petrofacies log. Data from cored section at Meir 2-21.

This subdivision of facies 4 by GR is further supported by a gross
bimodal distribution of pore throat aperture radii that were calculated using
the r35 method and incorporated into the log suite shown in figure 35. The
lower half of facies 4 (petrofacies 3a) contains pore throat apertures ranging
from micro to mega (0.8 to 20.8 µm), with an average macro (2.9 µm). The
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upper half of facies 4 (petrofacies 3b) contains pore throat apertures ranging
from micro to macro (0.3 – 5.5 µm), with an average meso pore throat radii
(0.8 µm). Calculated average porosity for petrofacies 3a is 11.5% while
petrofacies 3b has an average porosity of 7.4%. These differences in porosity
are not as dramatic as are differences in permeability and permeability
derived pore throat radii.

Table 3: Petrologic properties by gamma-ray defined petrofacies.

Petrofacies
3a

Petrofacies
3b

Porosity
(%)

K
(mD)

r35
(μm)

GR
(API)

average

11.5

21.1

2.9

stdv

3.1

60.8

3.4

min

1.7

0.0

0.8

32.3
6.3
12.5

max

15.2

419.0

20.8

average

7.4

1.3

0.8

stdv

2.7

0.7

0.5

min

0.0

0.0

0.3

46.7
72.4
25.2
48.0

max

12.1

3.3

5.5

140.5

A porosity-permeability cross plot of the facies 4 data separated into
petrofacies 3a and 3b on the basis of GR (Figure 36) dramatically contrasts the
non-reservoir quality of petrofacies 3b against petrofacies 3a as well as
petrofacies 2. By eliminating 3b from the analysis, the lower half of facies 4
(petrofacies 3a) more accurately yields a minimum porosity cutoff of 10.0% in
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order to achieve reservoir quality at minimum 5mD permeability. Regardless
of this improvement in porosity cutoff, the r2 value only increases from 0.30 to
0.37.

Figure 36. Poro-perm plot of gamma-ray determined petrofacies.

The difference in reservoir quality between the upper and lower halves
of facies 4 likely results from increases in microporosity in the more clay rich
upper half of facies 4. Figure 37 shows point count data logged alongside the
petrologic trends discussed above. Minus cement porosity shows no
significant difference between 3a and 3b. Clay content in petrofacies 3a
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averages 11.6% and in petrofacies 3b averages 16.9%. Although petrofacies 3b
contains on average 5.3% more clay than 3a, the differences in permeability
between 3a and 3b are disproportionately greater, thus reflecting the
significant influence of clay on intergranular pore systems.
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Figure 37: Lithofacies, point counts, and petrofacies composite log.
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Interbedded Scale, Flooding Surfaces, and Sub-bed Scale

At Meir 2-21, facies 4 is dominated by petrofacies 3 which has been
subdivided into 3a and 3b. Facies 4 also contains minor occurrences of
petrofacies 1, as high energy storm deposits, and at the sub-bed scale as
quartz cemented Skolithos burrows. At 10,538’ (MD) the highest reservoir
quality occurrences of petrofacies 3 are directly below the second flooding
surface (10,535’ MD) and define a reservoir interval 9’ thick (Figure 37). In
this zone, core measured porosity is 8-13%, while porosity from point counts
is 9%. Permeability ranges between 4 and 419 mD. Gamma Ray response is
32-35 API. K-feldspar content and authigenic clay content are 0 and 10%
respectively. Moving down-section further away from the flooding surface
(10,535’ MD) and subjacent pay zone (10,535’-10,544’), permeability drops
quickly across 9 feet to 0 mD. Likewise, downward across the same footages
core-measured porosity decreases from 13% to 8% but does not fall off as
quickly as permeability.
Reservoir characterization in facies 4 of the upper St. Peter Sandstone
is complicated by high lithologic heterogeneity that translates to high
petrologic heterogeneity at several scales. These scales include the
interbedded, sub-meter scale, where tempestite storm deposits and flooding
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surfaces control dramatic contrasts in reservoir quality, and the subcentimeter scale where sub-bed features such as incomplete quartz
cementation, and quartz cemented burrows surrounded by clay cemented
sandstone prevent accurate application of simple petrofacies models for
reservoir characterization.

CHAPTER VI
SEQUENCE STRATIGRAPHY

A sequence stratigraphic interpretation, in the absence of regional
seismic data, is inherently challenging due to the lack of data in spatial
context. Therefore, limited lateral resolution resulting from well data alone
must be diligently considered during the interpolative process. Sequence
stratigraphic analyses of siliciclastic marine systems do however benefit from
the typically broad lateral continuity characteristic of such depositional
systems (Posamentier and Allen, 1999; Catuneanu, 2002).
Successful

sequence

stratigraphic

analysis

requires

a

general

understanding of the system’s proximal-to-distal polarity (Posamentier and
Allen, 1999). In the St. Peter in the Michigan Basin coarse-grained clastic
sediment derived from the northwest has been proposed (Mai and Dott,
1985), with additional but less significance source in the northeast also
suggested (Lundgren, 1991; Barnes et al., 1992). This is further supported by
sedimentologic observations and isopach thickness mapping showing a
suggested depositional fairway from the northwest (Figure 6).
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Flooding surfaces are observed in facies 4 of the upper St. Peter
Sandstone via core and log observations. These surfaces increase in
stratigraphic frequency basin-ward and up-section. The flooding surfaces
bound parasequences; however, parasequences in the upper St. Peter
typically do not show complete progradation trends from offshore to upper
shoreface environments. They do show upper offshore facies with occasional
tempestite hemicycle storm deposits. The lack of apparent progradation of
depositional systems between flooding surfaces suggests that sedimentation
rate was either constant relative to or less than the rate of creation of
accommodation space. More proximal, marine shoreface deposits may be
represented in lithofacies 1 strata.

Intra-Field Scale Stratigraphic Correlation

A high resolution study was undertaken in the West Branch Field in
Ogemaw County to evaluate the viability of stratigraphic correlation of
flooding surfaces. The West Branch field is an anticlinal, gas producing field
in an area of the basin that contains the largest number of flooding surfaces
observed in the upper St. Peter Sandstone. The field contains a high density of
wells with core from the upper St. Peter Sandstone. In this field four wells,
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each with core from the upper St. Peter are positioned in a line striking
approximately 120°. Spacing between these cored wells is approximately 2
miles, while non-cored wells provide wireline logs that are positioned equal
distance between cored wells (Figure 38).

Figure 38: West Branch Field map. Shown are cored-wells (labeled) and crosssection.

Stratigraphic correlations of facies 3 and facies 4 are continuous for
over 6 miles (Figure 39). Facies 4 thickness is 74’ in each well, constrained
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from a combination of core and log observations. This surprising degree of
consistency for facies 4 thickness across 6 miles highlights the exceptional
lateral continuity inherent in marine shelf sandstone systems, and
furthermore supports stratigraphic interpolations and extrapolations over yet
broader lateral distances by means of core and core-calibrated wireline logs.
Flooding surfaces in the West Branch Field demonstrate excellent
stratigraphic continuity. Six flooding surfaces correlate between all four cored
wells. A seventh flooding surfaces correlates between the 2 east-most wells
(Meir 2-21 and Nelson, V. 1-26). This seventh flooding surface, resting 1 foot
below the base of the Glenwood Formation, pinches out westward of the
Trout 3-18 well. Stratigraphic correlation of two successive tempestite
hemicycle storm deposits also documents the lateral continuity of these
autocyclicly controlled bedding sequences in all four cored wells in the West
Branch Field. These tempestite hemicycles are separated by one flooding
surface.
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Figure 39: West Branch Field cored-well cross-section (Ogemaw County)
showing GR (track 1), PHIA with 7.5% cutoff, RHOB and PE
(track 2), permeability (track 3), cored intervals (grey in depth
track) and flooding surfaces (blue).
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Inter-Field Scale Stratigraphic Correlation

Correlations from West Branch Field to nearby wells and fields yields
mixed results. Facies 4 thickness and the lowermost six flooding surfaces at
West Branch Field correlate 12 miles to the southeast at Clayton Field (Arenac
County) (Figure 40-41; also see Appendix D). Clayton Field is more basin
distal than West Branch Field. Flooding surface correlations, via wireline log,
further to the southeastward beyond Clayton Field become increasingly
ambiguous. While it is apparent certain flooding surfaces do correlate an
additional 15 miles to the southeast of Clayton Field in Arenac County
(Appendix D), an overall diminished frequency of flooding surfaces and lack
of core control make it unclear specifically which flooding surfaces do
correlate. Six flooding surfaces are exhibited in log at Schmann 1-17,
approximately 8 miles due south from Seignious 1-10, yet poor well control
terminates further southeastward extrapolation.
Martin 1-15 and adjacent wells at South Buckeye Field (Gladwin
County) 25 miles to the south-southeast, display multiple flooding surfaces in
facies 4 core and log. The flooding surface model is limited to the south
beyond Gladwin County as facies 4 becomes increasingly dolomitic, and
available core is lacking.
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Figure 40: East-central basin cross-sections map. Shown are positions of cross
sections (Figure 41, also see Appendix D) that tie to Meir 2-21.
These cross sections exhibit the six flooding surfaces at West
Branch Field as correlative across the area shaded blue.
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Figure 41: East-central basin cross sections. Depicted are the upper St. Peter
Sandstone facies 4 and flooding surfaces, stratigraphically hung
on the top of the St. Peter. See Appendix D for full resolution
cross sections X-X’, Y-Y’ and Z-Z’.
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The Roseville Gun Club 1-17 well (RGC) in Roscommon County is 11
miles southwest of West Branch Field and the two locations are
approximately along depositional strike with each other. Correlations
between West Branch Field and RGC show general continuity of facies 4
thickness as well as 4 flooding surfaces (Appendix D). It is unclear which four
flooding surfaces from West Branch Field are equivalent to those observed at
RGC. The chronostratigraphic equivalents of the four flooding surfaces
observed at RGC are likely among the seven flooding surfaces observed at
West Branch Field. This is supported by a common strike-wise position along
the general depositional profile.
Correlation from West Branch Field to State Rose et al. 2-27, 11 miles to
the northeast in the Rose City Field demonstrates continuity between at least
three and possibly four flooding surfaces. Facies 4 thins from 74 feet at Meir
2-21 to 60 feet at State Rose et al., 2-27 (Appendix D).
Northward correlation from the West Branch Field to the State Goodar
et al. 1-18 well 18 miles northwest demonstrates thinning of facies 4 from 74
feet to 45 feet (Appendix D). The 6 flooding surfaces at West Branch Field
appear continuous across these 18 miles. Eleven miles further to the
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northwest at State Mitchell 1-31, only three flooding surfaces are present in
log.
Correlations of individual flooding surfaces are possible across
distances of up to 30 miles. This is demonstrated using the six flooding
surfaces at West Branch Field as supportive of one-to-one correlations
between wells. Confidence levels for one-to-one correlations of flooding
surfaces in the east-central basin falls off beyond distances of 30 miles. Where
there are less stratigraphic occurrences of flooding surfaces confidence in oneto-one correlations of individual surfaces decreases slightly, leaning more on
sequence stratigraphic models than on direct observation.

Basin-Wide Stratigraphic Correlation

The number of occurrences per well of flooding surfaces observed in
core and interpolated via log in the upper St. Peter Sandstone was contoured
in order to evaluate regional stratigraphy related to flooding surfaces in the
upper St. Peter Sandstone. The resulting map (Figure 42) highlights 3 regions,
showing (1) where no flooding surface occurs, (2) where a single flooding
surface occurs, and (3) where multiple flooding surfaces occur. The resulting
regions of the map showing no flooding surfaces also show an absence of
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facies 4. In these regions the base of the Glenwood Formation rests directly on
facies 3. It is proposed here that the contoured regions highlighted by this
map reflect to some degree the relative bathymetry of the Michigan Basin sea
during late stages of St. Peter deposition. Specifically, these regions represent
where the bathymetric range was subject to landward migration of the
shoreface-offshore transitional zone during the rapid rises in relative sea level
responsible for observed flooding surfaces.
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Figure 42: Basin-wide flooding surface distribution map. Mapped and
contoured is the stratigraphic occurrence of flooding surfaces in
the upper St. Peter Sandstone. Positions of regional cross-sections
also displayed. See Appendix E for cross sections.
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Supporting this inference are regionally pronounced lobate intrusions
of facies 3 dominant regions into the regions dominated by facies 4 and
flooding surfaces. These lobate intrusions represent middle- to upper
shoreface environments too proximal to be effected by landward shifts of the
shoreface-offshore transitional zone. This regional positioning of proximal to
distal environments as inferred from flooding surface lateral distribution
supports previous interpretations (Mai and Dott, 1985; Barnes et al., 1992) of
sediment sourcing from the west, northwest, and northeast.
A total of six parallel, northwest-southeast cross-sections positioned
across the northern half of the Michigan Basin were constructed (Figure 42;
also see Appendix E). These cross-sections capture dip-oriented proximal-todistal profiles of the upper St. Peter and are bisected by a southwest-northeast
cross-section (Appendix E, G-G’’’) that captures a strike-oriented profile.
These cross-sections are dominantly core-controlled and supplemented by
core-calibrated wireline logs where no core exists.
The regional facies distribution shown in the regional cross-sections in
the upper St. Peter demonstrates proximal shoreface facies in the west,
northwest, and northeast, which grade laterally into upper offshore facies to
the south and east. Regional stratigraphic correlations of flooding surfaces
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show that correlations for some flooding surfaces are possible across
distances of up to 31 miles along depositional dip (Appendix E, F-F’), and up
to 156 miles along depositional strike between Lake County and Alpena
County (Appendix E, G-G’’’).
Core and log from Gladwin County show a contact between the top of
the St. Peter Sandstone/base of the Glenwood Formation that is more
transitional and less well defined than in wells to the north. Flooding surfaces
observed in core and log from Gladwin County show an increase in
stratigraphic frequency, and an increase in interbedded carbonates. Limited
core control and facies changes to more carbonate prone strata limits the
southeastward application of the flooding surface analysis beyond Gladwin
County.

CHAPTER VII
RESULTS AND DISCUSSION

Marine flooding surfaces in the upper St. Peter Sandstone show strong
evidence for early marine cementation. This is supported by high levels of
minus cement porosity and remnant partially dissolved intergranular
carbonate, glauconite, and collophane cements at flooding surfaces and in
directly subjacent intervals. Common clay rip-up clasts in the upper St. Peter
Sandstone support not only marine hardground formation, but also support
the depositional facies model, along with bedding structures, scour surfaces,
and abundant bioturbation, for a storm-prone epeiric sea shelf depositional
environment.
Footages directly subjacent to marine flooding surfaces show common
tendency for enhanced reservoir quality as a result of early marine
cementation and later burial diagenetic cement dissolution thereof. Pay
interval thickness typically ranges between 2 to 8 feet. Petrologic
heterogeneity among flooding surface-related pay zones is a function of
depositional environment attributable to the flooding surface substrate.
Quartz rich lower shoreface sand deposits develop early marine cements
120
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which preserve minus cement porosity. Late dissolution of cements results in
high intergranular/dissolution porosity and good permeability. Under similar
relative sea level changes and burial conditions, more distal feldspar-rich
offshore sand deposits ultimately result in authigenic clay rich petrofacies
with moderate intergranular and dissolution porosity and decreased
permeability and effective porosity. Reservoir quality is best where flooding
surfaces occur in the lower section of facies 4 where authigenic clay content is
relatively lower and permeability is vastly higher than in upper footages of
facies 4. Overall lithologic heterogeneity in facies 4 results in high petrologic
heterogeneity by means of diverse diagenetic pathways occurring in close
spatial proximity to each other. This heterogeneity complicates the
application of simple petrofacies for reservoir characterization.
In the West Branch Field, facies, individual storm structures, and as
many as six flooding surfaces are stratigraphically traceable over distances of
up to 6 miles. Flooding surface correlation from the West Branch Field
outwards to adjacent wells is favorable up to distances of 30 miles, beyond
which correlation becomes increasingly problematic. Gross lithofacies
correlation on the basin scale is possible, and depositional systems tracts are
commonly resolvable using core and wireline logs. Flooding surfaces are able
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to be correlated both dip-wise and strike-wise up to at least 30 miles. Strikewise correlation of flooding surfaces may be possible up to 156 miles.
At least seven stratigraphic occurrences of flooding surfaces in the
central basin suggest at least seven rapid rises in relative sea level during
upper St. Peter deposition. Although overall deepening during St. Peter
deposition is reflected in vertical facies successions across the northern basin,
direct evidence for landward transgression of base level during these rises in
relative sea level was not noted in this central basin focused investigation.
Stratigraphy between flooding surfaces in the upper St. Peter typically does
not represent substantial parasequence progradation. Flooding surfaces
observed in the northern basin typically occur in offshore transitional zone
facies 4, showing no stratigraphic succession by more proximal shoreface
facies 3. This lack of progradation between flooding surfaces may indicate a
variable of time: that allocyclic rapid rises in relative sea level occurred too
frequently for autocyclic sedimentation to maintain the pace needed to
prograde the depositional systems tract substantially basinward between
floods. It may alternatively indicate a variable of space: that rises in relative
sea level either had sufficient amplitude, or that the depositional gradient was
low enough that the depositional systems tract became shifted exceptionally
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far landward, such that progradation was unable to return shoreface
environments to former positions within the basin. Lastly, the lack of
progradation may reflect a variable of input: that sediment supply from the
northwest and northeast became increasingly exhausted during upper St.
Peter deposition, and prevented substantial progradation between flood
events. This explanation is supported by a paucity of quartz sand deposition
in the northern basin throughout the end of the Silurian, though this may be
addressed with the 1st order eustatic sea level rise that continued through to
the Silurian (Haq and Schutter, 2008). This issue may not be satisfactorily
resolvable due to the erosional absence of portions of the upper St. Peter on
the basin margins.
Explanations for the rises in relative sea level may be addressed with
either eustatic sea level curves (Haq and Schutter, 2008; Miller et al., 2005)
that show multiple eustatic rises in sea level during the middle Ordovician, or
by discreet and episodic, non-thermal subsidence patterns (Howell and van
der Plujim, 1999).

CHAPTER VIII
RECOMMENDATIONS

Vertical resolution of historic and some modern GR logs may be
insufficient to quantify/analyze pay intervals that display dramatic lithologic
and petrologic heterogeneity on the sub-meter scale. Other log related issues
to be addressed include the effects of log normalization on gamma ray cutoff,
Because of the low GR curve gradient from facies 3 to facies 4, a nonnormalized GR log may potentially vertically displace the boundary between
these 2 facies by tens of feet. Extensive wireline log gamma-ray normalization
is recommended prior to any use of the gamma-ray cutoff for the purposes of
lithofacies and petrofacies distribution modeling.
Recommendations for future work include detailed stratigraphic
studies of clay species in facies 4 of the upper St. Peter Sandstone. Precise
authigenic clay types may be suggestive of detrital/syndepositional parent
mineralogy and thus possibly indirect indicators of sea-floor residence time,
and other specific marine conditions that may more precisely tie correlations
of flooding surfaces and associated condensed sections between wells.
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Appendix A
List of Cores Examined
Well Name

Well No.

API

County

Anger

1-20

21107411370000

Mecosta

Ballentine Unit

1-35

21051388360000

Gladwin

Benson et al.

1-14

21165346120000

Wexford

Briggs Unit

1-12

21011398890000

Arenac

Brinks

1-3

21113367860000

Missaukee

Bruggers

3-7

21113340780100

Missaukee

Consumers Power

1-3

21135371450000

Oscoda

Cousineau, AA A

1-16

21007379500000

Alpena

Dalrymple et al.

1-16

21143345370000

Roscommon

Dowker et al.

2-21

21137359220000

Otsego

Freudenberg

1-31

21133345580000

Osceola

Gernaat

2-19

21035357810000

Clare

Gilde et al.

1-25

21113358990000

Missaukee

Harrington, E.

1-14

21129415830000

Ogemaw

Koetje et al.

1-25

21113349270000

Missaukee

Lowe

1-27

21133405560000

Osceola

Martin

1-15

21051350900000

Gladwin

McCormick et al.

2-27

21133345360000

Osceola

Meir

2-21

21129400680000

Ogemaw

Nelson, V.

1-26

21129397490000

Ogemaw

Robinson

1-31

21133354820000

Osceola

Roseville Gun Club

1-17

21143374090000

Roscommon

Seignious Unit

1-10

21011403360000

Arenac

Snowplow

6-9

21007399660000

Alpena

State Albert

1-10

21119346480000

Montmorency

State Allis

3-30

21141349570000

Presque Isle

State Bentley

4-20

21051408630000

Gladwin

State Blue Lake

3-23

21079346130100

Kalkaska

State Foster

1-19

21129423960000

Ogemaw

State Kitchenhoff & Roscommon

1-29

21143394780000

Roscommon

State Liberty

1-18

21165350990000

Wexford

Sylvester & State Sanborn

1-29

21007404000000

Alpena

Trout

3-18

21129405460000

Ogemaw

USA Big Creek D

1-14

21135414620000

Oscoda

USA Mentor C

1-29

21135388330000

Oscoda

Visser et al.

3-35

21113346060000

Missaukee

Walczak

1-7

21017392030000

Bay

Weingratz et al.

1-7

21035346110000

Clare
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Select Core Descriptions

134

135

136

137

138

139

140

141

Appendix C
Point Counts

Sample (ft)

Lithofacies

Qtz

K-Feld

Dolo

Qtz-Og

Clay

Glauc

Collo

Pore

Minus
Cement
Porosity

Meir 2-21, Ogemaw County

10502

4

60.8

3.2

16.8

2

17.2

-

-

0

36

10503

4

65.2

5.2

2

0

25.6

-

-

2

29.6

10504

4

68

9.2

8.8

0

12.8

-

-

1.2

22.8

10506

4

66.8

4.4

0.8

0

27.6

-

-

0.4

28.8

10510

4

63.2

8

4.4

0

24

-

-

0.4

28.8

10510

4

71.2

11.6

2.8

0

14.4

-

-

0

17.2

10512

4

72

13.6

0.4

0

14

-

-

0

14.4

10513

4

44.4

18

0

0

37.6

-

-

0

37.6

10515

4

66.4

4.4

1.6

0

26.4

-

-

1.2

29.2

10519

4

76.8

18

1.2

2.4

1.6

-

-

0

5.2

10520

4

81.6

10.8

2.4

1.2

4

-

-

0

7.6

10522

4

71.2

13.2

0.4

0

14.4

-

-

0.8

15.6

10525

4

53.6

22.8

0.4

0

23.2

-

-

0

23.6

10528

4

80.4

2.8

0.8

6

6

-

-

4

16.8

10529

4

71.6

7.6

3.2

3.2

4

-

-

10.4

20.8

10533

4

72.4

6.8

5.2

0

11.6

-

-

4

20.8

10534

4

82.4

7.6

0

0

10

-

-

0

10

10537

4

72.8

0

0.8

0

17.6

-

-

8.8

27.2

10538

4

72.8

0

8.4

0.4

10

-

-

8.4

27.2

10539

4

66.8

4.8

0

0

25.6

-

-

2.8

28.4

10541

4

75.6

7.6

1.2

0

9.6

-

-

6

16.8

10542

4

66

7.6

0.4

0

21.6

-

-

4.4

26.4

10545

4

65.6

18

3.6

0

12.8

-

-

0

16.4

10545

4

72.8

10

8.8

0

8.4

-

-

0

17.2

10545

4

68

3.6

6

0

18

-

-

4.4

28.4

10546

4

67.6

0.8

12

0

14

-

-

5.6

31.6

10547

4

69.2

7.2

9.6

0

8

-

-

6

23.6

142

143
10547

4

64.4

0.8

4

0

18.4

-

-

12.4

34.8

10549

4

68.8

10554

4

70.4

2.8

0

0

19.2

-

-

9.2

28.4

4

9.6

0

11.6

-

-

4.4

25.6

10555

4

74.8

1.2

2

0

19.6

-

-

2.4

24

10559

4

66.8

2.4

0

0

16.4

-

-

14.4

30.8

10561

4

73.2

2.8

0

0

21.2

-

-

2.8

24

10563

4

77.6

3.6

7.2

0

11.6

-

-

0

18.8

10566

4

72.4

3.6

0

1.2

14.8

-

-

8

24

10568

4

78.8

2.8

0

0

17.6

-

-

0.8

18.4

10572

4

76

0.8

0

0

20

-

-

3.2

23.2

10572

4

73.6

0.8

22.4

0

3.2

-

-

0

25.6

10575

4

88.4

3.6

0

0

7.6

-

-

0.4

8

10578

3

84

0.8

0

8

2

-

-

5.2

15.2

10580

3

88.8

2

0

0.4

6.4

-

-

2.4

9.2

10585

3

86.4

0.4

0

0.8

3.2

-

-

9.2

13.2

10588

3

82.4

2

0

6

2.8

-

-

6.8

15.6

10590

3

85.6

2

0

0

8

-

-

4.4

12.4

10594

3

90

1.6

0

5.2

0.4

-

-

2.8

8.4

10598

3

88.8

0

0

10.4

0.4

-

-

0.4

11.2

10598

3

89.2

0

0

8.4

0.4

-

-

2

10.8

144

Lithofacies

Qtz

K-Feld

Dolo

Qtz-Og

Clay

Glauc

Collo

Pore

Minus
Cement
Porosity

10463.2

4

64

0.4

20.8

0

14.4

-

-

0

35.2

10468.4

4

74.4

6

0

0

19.6

-

-

0

19.6

10469.3

4

80.8

4

0

2.4

10.8

-

-

0.8

15.2

10473.6

4

79.2

4.8

0.4

15.2

0.4

-

-

0

16

10474.4

4

76

4.8

0.4

0.4

18.4

-

-

0

19.2

10475.6

4

72

4.4

0

0.4

22.8

-

-

0.4

23.6

10476.5

4

78

1

0.4

0.4

19

-

-

2

21

10477.7

4

82

2

1.2

0.4

14

-

-

0.4

16

10480.6

4

73.6

8.8

0

3.2

12.8

-

-

1.6

17.6

10481.9

4

81.2

4.8

0.4

12.4

1.2

-

-

0

14

10488

4

74.8

6.8

1.2

0

15.6

-

-

1.6

18.4

10489.6

4

76.8

5.6

2.8

5.2

7.6

-

-

2

17.6

10491.8

4

80

0.8

2.4

13.6

2

-

-

1.2

19.2

10492.5

4

78

1.2

5.2

7.2

6

TR

TR

1.6

20.8

10495

4

70.8

9.2

1.6

0

16.4

-

-

2

20

10496.3

4

73.6

9.6

0

0

15.6

-

-

1.2

16.8

10497.8

4

76.8

1.6

0

0

13.2

TR

TR

8.4

21.6

10502.4

4

69.2

10.4

1.6

0.4

14

-

-

4.4

20.4

10504.5

4

63.2

20.4

0

0

16

-

-

0.4

16.4

10509.5

4

79.2

2

0

0.4

9.6

-

-

8.8

18.8

10510.5

4

80.8

3.2

1.6

4.8

0

-

-

0

6.4

Minus
Cement
Porosity

Sample (ft)

Nelson, V. 1-26, Ogemaw County

Sample (ft)

Lithofacies

Qtz

K-Feld

Dolo

Qtz-Og

Clay

Glauc

Collo

Pore

Snowplow 6-9, Alpena County

7273

4

70

0

0

0

16

-

TR

13.6

30

7273.8

4

86.8

0

11.2

0

2

-

-

0

13.2

145

Sample (ft)

Lithofacies

Qtz

K-Feld

Dolo

Qtz-Og

Clay

Glauc

Collo

Pore

Minus
Cement
Porosity

Roseville Gun Club 1-17, Roscommon County

11634.5

4

79.2

9.2

0

11.6

0

-

-

0

11.6

11644.3

4

72.8

0

0.4

16.4

0

-

2.4

8

27.2

11646

4

70.8

0

2

8

0

-

-

19.2

29.2

11665.3

4

64.8

0

35.2

0

0

-

-

0

35.2

11670

4

82.4

2

0.4

2.8

4

-

-

8.4

15.6

11693

4

69.2

0

16.8

0

6.8

-

-

7.2

30.8

11699

4

78.4

1.6

0

7.6

6

-

-

6.4

20

Lithofacies

Qtz

K-Feld

Dolo

Qtz-Og

Glauc

Collo

Pore

Minus
Cement
Porosity

10625.7

4

65.6

12

0

0

10

-

-

12.4

22.4

10635.2

4

82

0

0.8

0

11.2

TR

-

6

18

10653.8

4

44.8

4.4

41.2

0

8.4

-

-

1.2

50.8

10653.8

4

46

3.6

46.4

0

3.6

-

-

0.4

50.4

10665.4

4

70.8

2

2

0

12.8

-

-

8

27.2

10672.3

4

83.2

0.4

0

0

15.6

-

-

0.8

16.4

10675.2

4

67.6

0

2

0

20.8

-

-

9.6

32.4

10677.5

4

72

0

1.6

0

22

-

-

4.4

28

10678.1

4

78.4

0

0

2.8

14.8

-

-

4

21.6

10687.6

3

82.8

0

0

4

4.4

-

-

8.8

17.2

10779.8

3

85.2

0

0

0

10

-

-

4.8

14.8

10780.6

3

79.2

0

0

0

18

-

-

2.8

20.8

10781.3

3

82.4

0

0

0

12

-

-

5.6

17.6

10792.5

3

84.8

0

0

0

12

-

-

3.2

15.2

10794.6

3

83.6

0

0

2.4

10

-

-

4

16.4

Clay

Sample (ft)

Seignious 1-10, Arenac County
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Sample (ft)

Lithofacies

Qtz

K-Feld

Dolo

Qtz-Og

Clay

Glauc

Collo

Pore

Minus
Cement
Porosity

Trout 3-18, Ogemaw County

10593.6

4

79.6

5.2

2.8

2.8

9.6

-

-

0

15.2

10596.6

4

82.8

6.8

0.4

0

7.2

-

-

2.8

10.4

10609.5

4

76.8

6.4

1.6

9.6

3.6

-

-

2

16.8

10612.3

4

81.6

0.4

1.2

5.2

7.6

-

-

4

18

10613.8

4

66

10.8

0

0

16.8

-

-

6.4

23.2

10617.2

4

74.8

2.8

0

0

21.2

-

-

1.2

22.4

10619.5

4

73.2

1.6

1.2

0

16.4

-

-

7.6

25.2

10621.6

4

70.8

0

2.8

1.6

15.2

-

-

9.6

29.2

10625.4

4

76

3.6

0.4

0

12.8

-

-

7.2

20.4

10629.4

4

76

0.8

0

0

14.4

-

-

8.8

23.2

10631.8

4

69.6

0

2

0

7.6

-

-

20.8

30.4

10633.2

4

75.6

0.4

0

0

19.2

-

-

4.8

24

10637

4

89.2

3.6

0

0

4.8

-

-

2.4

7.2

10637.7

4

80.8

2

1.2

0

9.6

-

-

6.4

17.2

10639.3

4

67.2

3.2

0

0

12.4

-

-

17.2

29.6

10644.8

4

81.2

0.4

0

1.2

12.8

-

-

4.4

18.4

10647.5

4

66.8

1.2

0

0

22.8

-

-

9.2

32

10690.3

3

88.8

0.4

0

3.2

5.2

-

-

2.4

10.8

10704.5

3

82

0

0

16.8

0.8

-

-

0.4

18

Facies

Qtz

K-Feld

Dolo

Qtz-Og

Clay

Glauc

Collo

Pore

Detrital

Minus
Cement
Porosity

All Core Point Count Statistics by Lithofacies

Average

4

73.0

4.6

3.8

2.5

11.6

-

-

4.5

78.0

22.4

Stdv

4

8.1

4.8

8.1

4.4

7.9

-

-

4.7

8.0

8.0

Median

4

73.2

3.2

0.8

0.0

12.4

-

-

3.2

78.8

21.2

Average

3

84.8

0.9

0.0

4.5

5.4

-

-

4.4

86.0

14.3

Stdv

3

3.2

0.8

0.0

4.8

5.2

-

-

2.6

3.5

3.5

Median

3

84.6

0.2

0

3.6

3.8

-

-

4.2

85
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Appendix D
Cross-Sections: East-Central Basin

Following stratigraphic cross-sections are flattened on the top of the St. Peter
Sandstone. Flooding surface correlations are blue; cored intervals are shaded
grey in depth tracks.
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Appendix E
Cross-Sections: Basin-Wide

Basin-scale cross-section distribution map with St. Peter Sandstone well
penetrations and isopach contours (CI=100)

Following stratigraphic cross-sections are flattened on the top of the St. Peter
Sandstone. Flooding surface correlations are blue; cored intervals are shaded
grey in depth tracks.
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